mander retina (219) . In astrocytes, data on CICR are controversial; there is the one report that caffeine triggered a freshly isolated astrocytes failed to detect an obvious caffeine-triggered [Ca 2/ ] i effect (60, 103) . However, ryano-Oligodendrocytes dine and dantrolene, believed to be CICR antagonists, Culture/brain stem Fura 2 70 297 modulated [Ca 2/ ] i responses in astrocytes (60, 253 (238) . In general (with several excep-Culture/mouse/cortex Fura 2, indo 1 272 tions), glial [Ca 2/ ] i appears to be insensitive to caffeine, The amount of Ca 2/ bound to internal stores may the possible involvement of glia in the regulation of also regulate a distinct type of plasmalemmal Ca 2/ perme-[Ca 2/ ] o . Similar stores have been described in frog epenability: it is widely recognized that the depletion of [Ca 2/ ] i dymal glia and human astrocytes (143) . pools activates a capacitative Ca 2/ influx. This influx is The major mechanism for Ca 2/ release from internal associated with the activation of specific, store-operated stores involves activation of inositol 1,4,5-trisphosphate plasmalemmal Ca 2/ channels (75, 188) . The existence of (InsP 3 )-gated Ca 2/ release channels (InsP 3 receptors, Refs.
these channels in glial cells has not been clearly shown, 34, 139). The production of InsP 3 , in turn, is achieved by although there are a number of suggestions that they the activation of phospholipase C (PLC) coupled via G might be important for Ca 2/ homeostasis in gliomas (175, proteins with numerous ''metabotropic'' plasmalemmal 362) , astrocytes (418) , and microglial cells (292, 293) , alreceptors. The nature of the InsP 3 receptors subtypes in though at least one group (347) reported that their atdifferent glial cells is not known in detail. In rat cortical tempts to find the capacitative Ca 2/ entry in cultured asastrocytes and cerebellar Bergmann glial cells, only type trocytes failed. In microglial cells, the long-lasting activa-3 but not type 1 and 2 InsP 3 receptors have been immunotion of capacitative Ca 2/ entry after the maximal depletion localized (453) . Oligodendrocytes were reported to tranof intracellular Ca 2/ stores has been described recently siently express type 1 InsP 3 receptors in a short period (416) . Once activated, the capacitative Ca 2/ entry pathway during the onset of myelination (98) . The direct activation in microglial cells remained operative for tens of minutes, of InsP 3 receptors by photorelease of InsP 3 from caged creating a steady-state [Ca 2/ ] i elevation that dramatically compound was shown in cultured astrocytes (224, 382) .
outlasted the period of agonist action. Astrocytic InsP 3 receptors appear to be substantially more Mitochondria are another capacious Ca 2/ storage sensitive to InsP 3 than InsP 3 receptors in Purkinje neusite. However, their role in [Ca 2/ ] i homeostasis in glial rons; the threshold InsP 3 concentration for activation of cells is little understood. The dissipation of the mitochonthe InsP 3 -gated channel in astrocytes was 0.2-0.5 mM, drial electrochemical gradient by protonophores [carwhereas in Purkinje neurons, it was 9 mM (224) . Inositol bonyl cyanide m-chlorophenylhydrazone (CCCP) and car-1,4,5-trisphosphate-induced Ca 2/ release is involved in the bonyl cyanide p-trifluoromethoxyphenylhydrazone] trigmajority of glial responses to neurotransmitters and neugered Ca 2/ release in oligodendrocytes (236, 238) . rohormones (see sect. V). The glial expression of another However, CCCP treatment did not influence the kinetic type of intracellular Ca 2/ release channel, the Ca 2/ -gated parameters of the depolarization-triggered [Ca 2/ ] i tranchannel [or ryanodine receptor (RyR); Refs. 138, 287] is sients (238) . This suggests that mitochondrial Ca 2/ accustill debatable. Functional Ca 2/ -induced Ca 2/ release (CICR), sensitive to the classical modulators ryanodine mulation does not play an important role in calcium signal by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from termination under physiological conditions. Under patho-port in glial cells may be the target for nitric oxide. However, the relative importance of Na / /Ca 2/ exchanger in logical conditions, which may substantially disturb mitochondria, glial [Ca 2/ ] i homeostasis might be markedly af-regulation of [Ca 2/ ] i was questioned in several reports that showed only a minor effect of low [Na / ] o on [Ca 2/ ] i fected. Alternatively, mitochondria could play an active role in Ca 2/ signaling also under physiological conditions: (103, 203) . Recently, it was demonstrated (156) that a decrease in [Na / ] o , by itself, is not sufficient to increase in cultured oligodendrocytes, mitochondrial Ca 2/ release/ accumulation actively shaped intracellular Ca 2/ waves Ca 2/ influx via the Na / /Ca 2/ exchanger in astrocytes. Nevertheless, under conditions of elevated intracellular Na / and [Ca 2/ ] i oscillations originated from InsP 3 -sensitive Ca 2/ stores (388). In cultured astrocytes, histamine-concentration ([Na / ] i ), in ouabain-treated cells, lowering [Na / ] o produced a dramatic increase in [Ca 2/ ] i . Interest-evoked [Ca 2/ ] i oscillations were accompanied by oscillations in intramitochondrial free Ca 2/ (209), also sug-ingly, a ouabainlike compound has been proposed to act as a vertebrate adrenocortical hormone (163) . Thus it is gesting that mitochondrial Ca 2/ store may play an active role in [Ca 2/ ] i homeostasis.
possible that the physiological effect of this compound might be to increase Ca 2/ influx via an increase in [Na / ] i . The intracellular distribution of active mitochondria is different in oligodendrocyte progenitors and mature
In Bergmann glial cells in situ, Na / /Ca 2/ exchanger also seems to play a relatively minor role in regulating oligodendrocytes. In the former, both rhodamine-123 staining and CCCP-induced Ca 2/ release were confined resting [Ca 2/ ] i . However, Ca 2/ flux through the exchanger became significant under conditions of elevated [Na / ] i . to the tips of cellular processes, suggesting that active mitochondria were concentrated in these particular areas. Stimulation of Bergmann glial cells with kainate increased [Na / ] i to ú30 mM, which turned the exchanger in the Conversely, in mature oligodendrocytes, mitochondria were evenly distributed (236) . Presumably, the preferen-reverse mode, providing thus the additional pathway for Ca 2/ influx. This Ca 2/ influx significantly altered both the tial localization of active mitochondria in the processes of oligodendrocytic progenitors might be important to amplitude and kinetics of the kainate-triggered [Ca 2/ ] i signals (233) . supply energy for protein synthesis during cellular growth; it could also be important for [Ca 2/ ] i handling in An astrocytic Na / /Ca 2/ exchanger may be an important means for glia to regulate the ionic content in the this subcellular compartment.
interstitium. Neurons, when being electrically excited, can decrease both [Ca 2/ ] o and [Na / ] o in the intercellular clefts D. Ca 2/ Transporters (30) . Under conditions of lowered [Na / ] o , the Na / /Ca 2/ exchanger could reverse and supply the interstitium with A low [Ca 2/ ] i and recovery from increases in [Ca 2/ ] i Ca 2/ by expelling it from adjacent astrocytes. produced by receptors/channels activation is provided by Finally, Na / /Ca 2/ exchanger may be involved in mediplasmalemmal Ca 2/ pumps (57) and an electrochemically ating Ca 2/ excitotoxicity under pathological conditions. driven Na / /Ca 2/ exchanger (40). There is little informa-In particular, reversal of Na / /Ca 2/ exchanger was found tion on the properties of glial Ca 2/ pumps. However, it to play an important role in the astrocytic injury due to has been shown in oligodendrocytes that La 3/ -sensitive Ca 2/ reperfusion after periods of Ca 2/ depletion (a phe-Ca 2/ -ATPases are primarily responsible for the restoranomenon similar to the''Ca 2/ paradox'' well described in tion of [Ca 2/ ] i after a depolarization-triggered [Ca 2/ ] i incardiac muscle). The reperfusion-induced Ca 2/ excitotoxcrease (238) . In contrast, substantially more information icity was significantly decreased in astrocytes in which is available on the expression of a Na / /Ca 2/ exchanger. expression of Na / /Ca 2/ exchanger was inhibited by treat-Initial evidences concerning the existence of functional ment with antisense oligodeoxynucleotides to the ex-Na / /Ca 2/ exchange in glial cells derived from radiotracer changer (282) . experiments demonstrating that transmembrane fluxes of 45 (96, 156, 158) , reduced the Ca 2/ efflux After entering the cytoplasm, Ca 2/ binds to a number of proteins that trigger various intracellular signal trans-rate (178, 410) , and affected the kinetics of the stimulusevoked [Ca 2/ ] i (84, 203) . Biochemical studies (both the duction pathways ( Fig. 2 , see Ref. 147 for review). Probably the best known cytoplasmic Ca 2/ sensor is calmodulin presence of protein and specific mRNA) revealed the expression of a heart isoform of the Na / /Ca 2/ exchanger in (CaM), which regulates the functional activity of at least three broad classes of enzymes, namely, CaM-dependent astroglial cells (156, 410) . Astrocytic Na / /Ca 2/ exchanger was inhibited by 30-min incubation with 0.1-1 mM protein kinases, protein phosphatases, and adenylate cyclases. The latter either interact with cytoplasmic en-ascorbic acid (409) and was stimulated by sodium nitroprusside and 8-bromoguanosine 3,5-cyclic monophos-zymes or transfer the signal further down to the nucleus, initiating other pathways responsible for gene expression. phate (11, 411) , suggesting that Na / -dependent Ca 2/ trans-by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/
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An alternative way to connect cytoplasmic Ca 2/ signals 010 mV, and was rapidly inactivated (complete decay of current took Ç150-200 ms). The Ca 2/ currents in cultured and gene expression is associated with Ras proteins (small guanine nucleotide-binding proteins) which after Schwann cells were insensitive to L-type Ca 2/ channel modulators (nifedipine and BAY K 8644) but were blocked being activated by Ca 2/ trigger a cascade of phosphorylation events that lead to a modulation of gene expression by 5 mM Co 2/ . In a minor cell subpopulation, a slowly decaying, nifedipine-sensitive current component was ob-(127). Finally, cytoplasmic Ca 2/ signals may propagate to the nucleus, where they directly stimulate the synthesis served when using 89 mM Ba 2/ as a charge carrier. The expression of voltage-gated Ca 2/ channels should provide of immediate early genes as well as structural genes. Unfortunately, little is known of the expression and role of a means for generating [Ca 2/ ] i transients upon Schwann cell depolarization. However, a direct attempt to measure these systems in glial cells; their characterization in glia is an important problem awaiting an experimental solution. [Ca 2/ ] i elevation in Schwann cells in a similar DRG coculture (267) failed to detect any measurable [Ca 2/ ] i elevation in response to depolarization by 50 mM KCl.
IV. VOLTAGE-GATED CHANNELS AND
Recently, voltage-gated Ca 2/ channels were detected DEPOLARIZATION-INDUCED in perisynaptic Schwann cells at the frog neuromuscular CALCIUM SIGNALS junction (368) . Calcium channel expression in these cells was visualized using either labeling with monoclonal anti-Voltage-gated Ca 2/ channels form an important pathbodies against a 2 /d-subunit (monoclonal antibody 3007; way for Ca 2/ entry in excitable cells; the latter have been Ref. 424) or fluorescent phenylalkylamine (242) . Both found to express a variety of Ca 2/ channels, differing in markers clearly stained the Schwann cell membrane pritheir voltage dependence, kinetics, and pharmacological marily on the processes close to transmitter release sites. properties (177, 190) . Calcium channels are integral mem-The morphological observations were substantiated by brane proteins composed of five subunits, each playing a confocal video imaging of [Ca 2/ ] i that demonstrated that distinct role in channel function. The Ca 2/ channel subperisynaptic Schwann cells respond to high-KCl depolarunits are encoded by several gene families. The functional ization with [Ca 2/ ] i transients sensitive to nimodipine heterogeneity of Ca 2/ channels arises mainly from differ- (368) . Thus it appears the perisynaptic peripheral glia exences in a 1 -subunit proteins; at least six major subtypes press functional voltage-gated Ca 2/ channels. of a 1 -subunit have been cloned and characterized (177) . On the basis of physiological properties and pharmacolog-B. Astrocytes ical profile, Ca 2/ channels are classified as low-voltageactivated or T-type channels and several types of high-MacVicar (271) first demonstrated Ca 2/ action potenvoltage-activated channels (code named as L, N, P, Q, and tials in cAMP-treated cultured cortical astrocytes when R types). Molecular classification based on the diversity the K / conductance was blocked and 10 mM Ba 2/ was of a 1 -subunit distinguishes six types of Ca 2/ channels added. Subsequently, similar Ca 2/ action potentials were (CaCh1-6). Glial cells, although being inexcitable from recorded from Mü ller glial cells in freshly prepared retinal the classical point of view (they are not able to generate slices (311), and voltage-clamp experiments on enzymatiaction potentials) are capable of expressing voltage-gated cally dissociated Mü ller cells revealed currents carried by Ca 2/ channels. These have been found in several popula-Ca 2/ (311). tions of macroglial cells but so far not in microglia.
There are essentially two techniques to detect the presence of voltage-gated Ca 2 71, 85, 273) and type 2 astrocytes from optic nerve (23, 25) . A special treatment of cortical astrocytic cultures when cocultured with neurons. Later, it was shown that expression of Ca 2/ channels in Schwann cells could be was necessary to record Ca 2/ currents, namely, the addition to the culture medium of agents that increase intracel-also induced by addition of a nonhydrolyzable analog of adenosine 3,5-cyclic monophosphate (cAMP) to the cul-lular cAMP. These include treatment with dibutyryl cAMP (71, 236, 273) , forskolin, isoprotereneol, or certain types ture media (28). Whole cell patch-clamp studies of Schwann cells in organotypic cultures of mouse dorsal of sera (24, 156) . Coculturing with neurons had the same effect (85). In untreated cortical astrocytes, Ca 2/ currents root ganglia (DRG) revealed voltage-dependent Ca 2/ currents. At 10 mM Ca 2/ outside, the I Ca had an activation were usually undetectable. In contrast, in both freshly isolated and cultured astrocytes from the optic nerve, threshold at 045 mV, current-voltage curve maximum at by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from Ca 2/ currents could be recorded without such pretreat-natal (121) cortical astrocytes. In neonatal astrocytes, membrane depolarization with 25-100 mM KCl resulted ment (23, 25) . These results suggest that certain intracelluin large increases in [Ca 2/ ] i (up to 1 mM) that were inhiblar metabolic processes (i.e., phosphorylation) are necesited by nimodipine and D-600 (121) . In embryonic astrosary to transfer Ca 2/ channels between ''silent'' and funccytes, maintained in confluent culture for 4-6 wk, applicational pools and furthermore that neurons may regulate tion of 50 mM KCl generated [Ca 2/ ] i transients with an the availability of Ca 2/ channels in certain types of astroamplitude of 300-400 nM (272) . The KCl-triggered [Ca 2/ ] i cytes. This also indicates that astrocytes are heterogeelevation was inhibited by nifedipine and significantly poneous with respect to Ca 2/ channel expression. tentiated by BAY K 8644, suggesting the influx was medi-The parameters of astrocytic Ca 2/ currents and the ated by L-type Ca 2/ channels. In astrocytes kept in a cultypes of Ca 2/ channels expressed vary in cells of different ture for only 1-2 wk, 50 mM KCl did not raise (but rather origin. Using a double-microelectrode voltage clamp in lowered) [Ca 2/ ] i unless KCl was applied together with cultured cortical astrocytes, MacVicar and Tse (273) re-BAY K 8644. These results imply that astrocytes at early corded a Ca 2/ current that closely resembled L-type curstages in culture have silent Ca 2/ channels (272) . rents described in neurons. This current inactivated
The variability of [Ca 2/ ] i channels in cultured cells slowly, had a typical voltage dependence (threshold at raised questions as to the presence and function of volt-020 mV and a maximum of the current-voltage curve at age-gated Ca 2/ entry in vivo. Freshly isolated mature hip-/10 mV while using 10 mM Ba 2/ as a charge carrier), was pocampal astrocytes (103) promptly respond to KCl applicompletely blocked by 1 mM nifedipine, and was potentication with [Ca 2/ ] i transients (400-800 nM in amplitude ated by b-adrenergic agonists via increased intracellular in response to 50 mM KCl). Potassium chloride-induced cAMP. The amplitude of I Ca in this preparation was quite [Ca 2/ ] i transients were blocked by Co 2/ and verapamil, substantial, reaching 4-6 nA at 5 mM extracellular Ba 2/ but, in contrast to cultured astrocytes, they were resistant and 10 nA at 10 mM extracellular Ba 2/ . In contrast, curto dihydropyridines; depolarization-induced [Ca 2/ ] i tranrents recorded from optic nerve astrocytes were much sients in freshly isolated astrocytes were not affected by smaller, 200-400 pA, with 10 mM Ba 2/ as a charge carrier dibutyryl cAMP. The importance of voltage-gated Ca 2/ (23). Furthermore, two components of I Ca were recorded channels for [Ca 2/ ] i regulation was further illustrated by from optic nerve astrocytes (23, 25) : inactivating (which recording [Ca 2/ ] i elevation evoked by depolarizing steps was defined as a T-type I Ca based on its kinetic and voltage in voltage-clamped fura 2-loaded astrocytes from hippodependence) and sustained, sharing properties of an Lcampal slices (2) . Thus the data available suggest that type I Ca (slow inactivation, sensitivity to low concentraastrocytes in vivo express voltage-gated Ca 2/ channels tions of Cd 2/ , and voltage dependence). and that Ca 2/ influx through these channels substantially Similarly, small Ca 2/ currents (õ250 pA at 5 mM Ca 2/ affects [Ca 2/ ] i . outside) were recorded recently from immature astrocytes in acutely prepared hippocampal slices ( Fig. 3 , Ref.
2). Hippocampal astrocytes in situ appear to express sev-C. Oligodendrocytes eral types of Ca 2/ channels as revealed by their sensitivity to various antagonists. The currents observed at voltages between 050 and 020 mV had parameters typical for T-Oligodendrocytes are heterogeneous with respect to type I Ca (fast inactivation and sensitivity to amiloride). the expression of voltage-gated Ca 2/ channels. In cultures The I Ca recorded at higher potentials were partially sensifrom cortex, oligodendrocytes expressed both low-volttive to nimodipine, verapamil, and v-conotoxin, sugage (T type) and high-voltage (presumably L type) Ca 2/ gesting the coexpression of L-and N-type Ca 2/ channels. currents (431, 436). The amplitudes of Ca 2/ currents in Finally, with the employment of whole cell and perfomature oligodendrocytes were up to about 200 pA with rated patch-clamp recordings, L-type Ca 2/ currents were 20 mM Ca 2/ as a charge carrier ( Fig. 3 ). In contrast, voltrecorded in cultured human Mü ller cells (357) . These curage-clamp analysis of membrane currents in cultured olirents were inhibited by dihydropyridines, but insensitive godendrocytes isolated from rat optic nerve did not reveal to v-conotoxins. The reverse transcription (RT)-polymer-Ca 2/ currents (23) . In situ recordings from oligodendroase chain reaction (PCR) examination of total RNA decytes in a white matter preparation also failed to detect rived from cultured Mü ller cells revealed expression of voltage-gated Ca 2/ currents (31). It could, however, not mRNAs specific for a 1D -, a 2 -, and b 3 -channel subunits, be excluded that such channels are present in membrane where a 2 -subunit was represented by a splice variant dispatches remote from the soma such as in the paranodal tinct from skeletal muscle a 2S -and brain a 2B -isoforms.
loops. It is unlikely that even large current injections into An important question was to find out whether Ca 2/ the soma will lead to significant membrane depolarization influx via voltage-gated channels alters [Ca 2/ ] i . The initial at such distant regions. In support of such an uneven attempt to resolve this problem employed fura 2 and indo 1 distribution of voltage-gated channels is an observation by Waxman and colleagues (393), who found that voltage-[Ca 2/ ] i recordings from cultured embryonic (272) and neo- gated Na / channels in Schwann cells are concentrated in dendrocytes with KCl revealed substantial [Ca 2/ ] i increases that were sensitive to removal of [Ca 2/ ] o , inhib-the membrane of the paranodal loops.
The expression pattern of Ca 2/ channels undergoes ited by verapamil, and potentiated by BAY K 8644 (44, 45, 230, 238) . considerable changes during development. Oligodendrocytic precursors from cortical cultures exhibited both T-
The depolarization-induced [Ca 2/ ] i transients in cultured oligodendrocytes were spatially heterogeneous, being and L-type Ca 2/ currents. (431). Channel density was very low, and whole cell I Ca were barely detectable (peak am-in general more pronounced in oligodendrocytic processes (238) . Furthermore, at the early developmental stages, T-plitudes õ100 pA) even when Ba 2/ was used to carry current. Cultured perinatal and adult oligodendrocyte pro-and L-type Ca 2/ channels were unevenly distributed over the cell membrane ( Fig. 4) . A moderate depolarization of the genitors from rat optic nerve (45) had only one component of Ca 2/ current resembling the L type. In the cortical cul-oligodendrocyte precursor by 20 mM K / led to an increase of [Ca 2/ ] i in the processes only, whereas [Ca 2/ ] i levels in the tures, Ca 2/ currents were substantially smaller in immature oligodendrocytes/late precursors and could not be soma remained unaffected. A further increase in [K / ] o resulted in a progressive fall in the amplitude of [Ca 2/ ] i eleva-detected in young oligodendrocytes. They were readily recorded from mature cells with complex morphology. tions in processes, whereas in the soma, [Ca 2/ ] i transients became larger. Moreover, [Ca 2/ ] i signals in processes and Although it was not yet possible to detect Ca 2/ channels in oligodendrocytes in situ, they were found in precursors in the soma of oligodendrocyte precursors can be dissected pharmacologically; Ni 2/ (antagonist of low-voltage-activated from slices of mouse corpus callosum (31).
Despite the small amplitude of Ca 2/ currents in oligo-Ca 2/ channels) inhibited the depolarization-induced [Ca 2/ ] i transients only in the processes, whereas dihydropyridines dendrocytes, Ca 2/ influx through voltage-gated channels was found to significantly increase [Ca 2/ ] i . Depolarization preferentially affected somatic depolarization-triggered [Ca 2/ ] i responses (238) . of cultured oligodendrocyte precursors and mature oligo- An uneven distribution of Ca 2/ channels was also V. NEUROTRANSMITTER-INDUCED CALCIUM SIGNALING IN GLIAL CELLS observed in mature oligodendrocytes; a depolarizationinduced [Ca 2/ ] i increase was mainly confined to the processes, whereas [Ca 2/ ] i in the soma increased to a much One of the most surprising developments in glial resmaller extent (238) .
search over the last 25 years has been the discovery that various glial cells express a heterogeneous pattern of functional receptors to a variety of chemicals previously D. Mechanisms of Glial Cell Depolarization known to affect neurons. These include not only the clas-The opening of voltage-gated Ca 2/ channels requires sical neurotransmitters but also neuromodulators and depolarization. This depolarization might normally result neurohormones. Table 2 summarizes many of the experifrom local changes in K / concentration that accompany mental results that demonstrated an effect of these subneuronal activity; the [K / ] o can increase to 15 mM with stances to increase [Ca 2/ ] i . Their effect results from actiintense neuronal firing (405) . Such an increase in [K / ] o vation of various receptors linked via several pathways was found to trigger Ca 2/ influx via voltage-gated channels to [Ca 2/ ] i regulating molecular cascades. in cultured oligodendrocytes (238) . Much higher levels of depolarization can be achieved under pathological condi-A. Glutamate tions (e.g., spreading depression), when interstitial K / may rise up to 80 mM (313). Alternatively, glial cells can be depolarized by the opening of ligand-gated cationic Glutamate is the major excitatory neurotransmitter in the CNS of mammals, and its action is conducted via channels (see sect. V). Reference numbers are given in parentheses. GABA, g-aminobutyric acid; AMPA, DL-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; GluR, glutamate receptor; AR, adrenergic receptor; NK, neurokinin; ET, endothelin; 5-HT 2 , 5-hydroxytryptamine; InsP 3 , inositol 1,4,5-trisphosphate. activation of highly diversified families of ionotropic and 1. Schwann cells metabotropic receptors. The ionotropic glutamate recep-Initial suggestions that GluRs might be expressed by tors (GluRs) are ligand-gated cationic channels assembled Schwann cells came from experiments on squid axons in from five subunits. There are three groups of ionotropic which nerve stimulation appeared to trigger a hyperpolar-GluRs (according to their pharmacological properties), ization of periaxonal Schwann cells that could be a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid mimicked by glutamate (434) and blocked by a glutamate (AMPA), kainate, and N-methyl-D-aspartate (NMDA) antagonist (2-amino-4-phosphonobutyrate) (260, 261) or (180) . The recent advances in recombinant DNA techinternal administration of the Ca 2/ chelator 1,2-bis(2niques have given a precise characterization of the GluRs aminophenoxy)ethane-N,N,N,N-tetraacetic acid (262). subunit structure and revealed the molecular determi-The latter observation suggested the effect involved an nants of GluRs permeability, gating mechanisms, and agoincrease in [Ca 2/ ] i . At the same time, electrophysiological nist specificity (180, 207) . The GluR subunits A, B, C, and experiments appeared to reveal NMDA-mediated depolar-D (or 1-4) form AMPA-sensitive receptors, GluR5, izing responses in squid Schwann cells (117, 118). These -6, and -7, and subunits denoted as KA1 and KA2 assempotentially interesting observations have not been conbled to form kainate-preferable GluRs. Finally, the NMDAfirmed in other molluscan species and require confirmasensitive GluR subfamily is formed by NMDA R1 and tion with more modern techniques.
NMDA R2A-D subunits (295). Various GluRs subunits can
In mammalian peripheral nerve, Schwann cells were be differentially assembled forming homo-or heteromeric intensively stained by specific antibodies against GluR B channels that bear different functional properties. The and D (97), suggesting the possible existence of functional subunit structure of the GluRs determines their Ca 2/ per-AMPA receptors. However, their link to changes in [Ca 2/ ] i meability, with a crucial role for the GluR B subunit; chanremains unknown. Only a minor fraction (õ10%) of nels containing GluR B subunit are almost impermeable freshly dissociated Schwann cells from neonatal rat scito Ca 2/ , and those lacking this subunit in the channel atic nerves responded to glutamate with an increase in pentamer are highly Ca 2/ permeable (52, 146) .
[Ca 2/ ] i (267) . Thus the involvement of glutamate receptors Metabotropic glutamate receptors (mGluRs) also in [Ca 2/ ] i control in Schwann cells is still unclear and comprise a distinct gene family of at least eight members needs further examination. (mGluRs 1-8); the mGluRs belong to the so-called sevenmembrane spanning domains receptors (307, 348). The 2. Astrocytes mGluR1 and -5 are coupled (via G proteins) with PLC, being thus the activators of the InsP 3 -mediated intracellu-
The GluRs were probably the first neurotransmitter lar signaling pathway; other mGluRs are connected with receptors found in astroglia. In 1981, Orkand et al. (328) found that glutamate depolarized glial cells in optic nerve adenylate cyclases. (46) showed that permeable GluRs in glia. Initially, it was found that Co 2/ , excitatory amino acids (glutamate, aspartate, and kainate) which is thought to substitute for Ca 2/ as a permeable directly depolarized cultured astrocytes. An alternative ion through AMPA/kainate GluRs, permeates and can be mechanism for a glutamate-dependent depolarization is stained within cerebellar type 2 astrocytes, suggesting the stimulation of the electrogenic Na / -dependent glutamate expression of Ca 2/ -permeable GluRs (355) . High-Ca 2/ pertransporter by an increase in external glutamate (12, 212) . meable AMPA receptors were described in cultured Berg-However, the effectiveness of kainate, a specific agonist mann glial cells, and simultaneously, in situ hybridization of kainate/AMPA receptors that is not transported by gluindicated that these cells lack the GluR B subunit (53) . tamate transporter, already implied the presence of gluta-These findings were consistent with the hypothesis that mate receptors. This was substantiated by the observation the presence of GluR B in the channel heteromer inhibits that the glutamate effect is mediated by changes in intra-Ca 2/ permeability (146) . No GluR B subunit mRNA was cellular phosphoinositide turnover and transmembrane found to be associated with the expression of GluR A fluxes of 45 Ca 2/ (336). More recently, microfluorimetric (mainly) and GluR C subunits in glial cells (presumably techniques revealed that glutamate induces complex astrocytes) from rat optic nerve (205). Northern blot analchanges in [Ca 2/ ] i characterized by distinct spatiotempoysis of mRNA for AMPA GluRs subtypes performed on ral features often in the form of intracellular waves and primary cultured astrocytes revealed that cells isolated oscillations. These glutamate-triggered Ca 2/ responses from the brain stem express predominantly GluR D spewere mediated by both transmembrane Ca 2/ entry and cific mRNA (81). intracellular Ca 2/ release, indicating the involvement of Cortical astrocytes and astrocyte progenitors exseveral types of GluRs (225) .
pressed GluR B mRNAs as well as mRNAs encoding GluRs
A, C, D and GluR6 subunits, as demonstrated by both 1) Cultured cells. The initial observations of excitatory Northern blots (81) and RT-PCR technique (182) . Despite amino acid-induced depolarization of astrocytes were the apparent presence of GluR B subunit, these cells resubstantiated in voltage-clamp experiments that demonspond to kainate with large [Ca 2/ ] i transients (182) . These strated that glutamate, quisqualate, AMPA, and kainate, transients were not modified by Na / removal from the but not NMDA triggered Na / /K / currents in cultured asbath and were not attenuated when intracellular Ca 2/ trocytes from cerebrum and cerebellum (394, 449). These stores were blocked with thapsigargin. Furthermore, stimcurrents were blocked by the specific antagonists of ulation of astrocytes by kainate, when external Ca 2/ was AMPA/kainate receptors, 6-cyano-7-nitroquinoxaline-2,3replaced by Co 2/ and [Na / ] o was removed, caused fast dione (CNQX) and 6,7-dichloro-3-hydroxy-2-quinoxaquenching of fura 2 signals, indicating that Co 2/ entered linecarboxylic acid (394, 448). Single-channel recordings the cell via kainate-activated channels. These results sugrevealed that glutamate-activated currents had several gested that [Ca 2/ ] i elevation in cortical astrocytes resulted conductance levels, and their kinetic properties were simmainly from Ca 2/ entry via AMPA/kainate receptors (182) . ilar to those for AMPA/kainate receptors in neurons (422, However, kainate-induced currents, measured under volt-448). Thus experimental evidence suggests that astrocytes age-clamp conditions in the same cells, were drastically are endowed with AMPA/kainate GluRs.
decreased (Ç40 times) in the absence of Na / , suggesting a low Ca 2/ permeability of the receptor. Similarly, glial Recordings of [Ca 2/ ] i with fura 2-based microfluorimetry demonstrated that kainate and AMPA (112, 154) cells (most likely immature astrocytes) acutely isolated from the hippocampal CA1 stratum radiatum region, ex-raised [Ca 2/ ] i in cultured cerebral, hippocampal, and cerebellar astrocytes. This [Ca 2/ ] i rise depended on [Ca 2/ ] o hibited a low or intermediate Ca 2/ permeability, as determined by potential-dependent characteristics of kainate-and was blocked by CNQX. Similar AMPA-and kainateevoked [Ca 2/ ] i transients were observed in retinal Mü ller induced ionic currents (378) . Nevertheless, even these small Ca 2/ currents via low-Ca 2/ permeability AMPA/kai-cells (437). In mixed cultures from neonatal rat brains, the CNQX-sensitive AMPA/kainate-triggered [Ca 2/ ] i transients nate receptors are able to appreciably increase [Ca 2/ ] i in astrocytes. This may indicate a low Ca 2/ buffer capacity were mostly confined to type 1 astrocytes (204), suggesting differential expression of GluRs in astroglia. Thus in cortical astrocytes. activation of AMPA/kainate receptors in astrocytes pro-2) In situ preparations. Initial evidence for the exmotes Ca 2/ influx that might result either from depolarizapression of functional GluRs in glial cells in situ was retion-triggered activation of voltage-gated channels or from vealed by microelectrode recordings from astrocytes in direct Ca 2/ influx through GluRs.
rat hippocampal slices and amphibian optic nerve; application of glutamate depolarized these astrocytes (414, Initial experiments on glutamate-induced Ca 2/ signaling in glial cells coincided with the detection of Ca 2/ per-440). Later, patch-clamp recordings revealed AMPA-, kainate-, and quisqualate-induced ionic currents sensitive to meability of AMPA/kainate GluRs in neurons (179, 191) and the subsequent discovery of its molecular basis (52, CNQX in rabbit retinal astrocytes from in situ preparation (74) . Subsequently, kainate-induced cationic currents as-In immature astrocytes from hippocampal slices studied under voltage-clamp conditions, glutamate sociated with significant Ca 2/ entry (as measured by fura 2 microfluorimetry) were recorded from Bergmann glial evoked cationic currents with a pharmacology typical of AMPA/kainate receptors (398). Single-cell RT-PCR experi-cells in acutely prepared cerebellar slices ( Fig. 5 , Ref. 301 ). The high Ca 2/ permeability of AMPA/kainate recep-ments revealed the coexpression of GluR B and GluR D subunits (397), implying a low Ca 2/ permeability of tors in Bergmann glial cells coincides with the absolute absence of GluR B mRNA as determined by single cell heteromeric AMPA GluRs. Indeed, electrophysiological analysis revealed a low P Ca /P Na (0.12-0.24) for AMPA re-RT-PCR (146, 207) ; Bergmann glial cells appear to be the only cell in the brain that completely lacks the GluR B ceptors in hippocampal astrocytes (378) . However, kainate was able to generate prominent [Ca 2/ ] i transients in subunit. The relative permeability ratio P Ca /P Na determined for AMPA/kainate GluRs in Bergmann glial cells these cells in acute hippocampal slices (199) . The kainatetriggered [Ca 2/ ] i rise likely reflects Ca 2/ influx via GluRs, was 2.8 (207). The Ca 2/ permeability of AMPA/kainate receptors expressed in glial cells was substantially modi-since both voltage-clamp and microfluorimetric experiments failed to detect appreciable amounts of Ca 2/ entry fied during development; the P Ca /P Na was found to be downregulated from 2.1 to 0.9 during the second postnatal via voltage-gated Ca 2/ channels. Thus, even a small Ca 2/ influx through low-Ca 2/ permeable AMPA receptors might week in hilar progenitor cells studied in acutely isolated hippocampal slices (14) . generate significant Ca 2/ signals in astrocytes. Similarly, GFAP-positive mature rat hippocampal astrocytes re-Biochemical investigations clearly demonstrated an increase in intracellular InsP 3 level in glutamate-treated assponded with a [Ca 2/ ] i increase to kainate and AMPA; troglial cells (289, 336 tion persists in Ca 2/ -free extracellular solutions, indicat-Finally, [Ca 2/ ] i recordings using confocal microscopy ing that the Ca 2/ comes from internal stores. These intrademonstrated glutamate-evoked [Ca 2/ ] i transients in pericellular Ca 2/ responses were mimicked by a specific agoaxonal glial cells (presumably astrocytes) in optic nerves nist of mGluRs (1S,3R)-ACPD (129), pointing to the (247) . The [Ca 2/ ] i rise in periaxonal glial cells in the optic involvement of the GluR-InsP 3 signal transduction chain. nerve was also elicited by 1-aminocyclopentane-1,3-dicar-
The nature of astrocytic mGluRs is still unclear; the exboxylate [(1S,3R)-ACPD] and AMPA and was partially senpression of mGluR3 and mGluR5 only was found in glia sitive to the AMPA antagonist 6,7-dinitroquinoxaline- (370, 413) . Strong mGluR5-dependent immunostaining 2,3(1H,4H)-dione, suggesting the functional expression of was found in astrocytic processes in hypothalamus in situ both iono-and metabotropic GluRs in optic nerve glial (426) ; these processes surround complex synapses; cells.
mGluRs may well be exposed to glutamate during synap-B) NMDA RECEPTORS. In one study, an NMDA-induced tic activity. (358) . In strated recently that transfected cells that express excluanother type of radial glia, cerebellar Bergmann glial cells sively mGluR5 respond to glutamate with [Ca 2/ ] i oscillavoltage-clamped in cerebellar slices, bath application of tions, whereas cells expressing mGluR1 had single-peak 1 mM NMDA evoked tiny (Ç30-60 pA) currents (300) . In [Ca 2/ ] i responses (216) . The question of whether mGluR1/ situ hybridization revealed a significant level of expres-mGluR5 might be important for determining the kinetic sion of NMDAR1 and -2B subunits mRNA in these cells characteristics of glial [Ca 2/ ] i responses remains to be (266), although the exact composition of NMDA receptors clarified. assembled in the membrane remains unknown. The NMDA-activated currents in Bergmann glial cells were 3. Oligodendrocytes not associated with measurable changes in [Ca 2/ ] i (300) . Similarly, fura 2-based experiments failed to detect any Electrophysiological studies of cultured immature [Ca 2/ ] i changes in retinal Mü ller cells challenged with oligodendrocytes and their progenitors (44, 142, 334) as NMDA (437). Finally, NMDA-activated currents have been well as oligodendrocyte progenitors in corpus callosum observed in neocortical protoplasmic astrocytes (229) and slices (32) found glutamate-, AMPA-, and kainate-trigin a small population of hippocampal astrocytes (398). gered ionic currents that were blocked by CNQX, sug-The question of whether NMDA can induce [Ca 2/ ] i ingesting AMPA/kainate ionotropic receptors were stimucreases in astrocytes remains unclear. Using confocal lated. Indeed, Northern blots revealed the expression of video imaging of hippocampal astrocytes, Porter and Mc-GluRs B, C, and D, GluR6 and -7, and KA1 and KA2 mRNAs Carthy (350) observed [Ca 2/ ] i transients in response to in cells of the oligodendrocyte lineage (334) . High expresbath applications of NMDA; however, these Ca 2/ resion of GluR B subunit implies a low Ca 2/ permeability sponses could have been triggered indirectly by activation of oligodendrocyte AMPA/kainate channels. of neuronal terminals in the hippocampal slices with sub-Intracellular Ca 2/ recordings from oligodendrocyte sequent release of glutamate and activation of noncultures also showed increases after application of gluta-NMDAR in glial cells. mate and its agonists. According to Borges et al. (44) , C) METABOTROPIC GLUTAMATE RECEPTORS. Another imcytoplasmic Ca 2/ increases after the activation of AMPA/ portant route for generating Ca 2/ signals in astroglia is kainate receptors in oligodendrocytic precursors resulted associated with the activation of mGluRs and subsequent mainly from Ca 2/ influx via voltage-gated channels. Other authors (181, 182, 288) suggest that Ca 2/ influx through Ca 2/ release via InsP 3 -gated intracellular Ca 2/ channels. GluRs can be also involved. Minor populations of cultured among glial cells. A majority of glial cells studied (including peripheral glia, macro-and microglia from the CNS) oligodendrocytes also exhibited mGluRs (181) . The expression of AMPA/kainate GluRs in cells of the oligoden-appear to express various types of purinoreceptors. In many cases, activation of glial purinoreceptors leads to drocyte lineage was found to be developmentally downregulated. Mature oligodendrocytes lost the ability to re-increases in [Ca 2/ ] i . spond to glutamate by activation of membrane currents 1. Schwann cells (44) . In another study, the upregulation of GluR B subunit An ATP-triggered increase in [Ca 2/ ] i was first demonabundance during transition of O2-A and CG-4 progenitors strated by Jahromi et al. (200) who monitored [Ca 2/ ] i in into oligo-or astrocytes was demonstrated (288) . Likeperisynaptic Schwann cells at the frog neuromuscular wise, in optic nerves, quisqualate-stimulated Co 2/ uptake junction; they also suggested that Schwann cells respond (which is believed to reflect Co 2/ entry through Ca 2/ -perwith a [Ca 2/ ] i increase to synaptically released ATP after meable AMPA receptors) only in O-2A progenitor cells electrical stimulation of the axon. The calcium transients but not in mature glia (137) .
recorded by Jahromi et al. (200) were confined to perisynaptic Schwann cells only; the myelinating Schwann cells situated periaxonally did not respond to ATP. Intracellular
B. Purines and Pyrimidines
Ca 2/ transients induced by ATP and mediated via activation of P 2y receptors were found in a majority of freshly Adenosine 5-triphosphate, adenosine, and related dissociated Schwann cells from neonatal rat sciatic nerve substances control a number of important physiological (267) as well as in periaxonal sciatic nerve Schwann cells reactions and act as neurotransmitters in the peripheral studied in situ (268) . Interestingly, P 2y -driven [Ca 2/ ] i renervous system and CNS (54, 102, 133) . In recent years, sponses in neonatal rat Schwann cells were significantly clear evidence that ATP acts as an excitatory neurotransdownregulated when cells were maintained in culture for mitter in the CNS has been obtained (108, 109) , and pharseveral days. However, these responses were restored eimacological and molecular characterization of ATP and ther by the addition of membrane permeable cAMP anaadenosine receptors (named purinoreceptors) was logs (dibutyryl cAMP or 8-bromo-cAMP) to the culture achieved. Purinoreceptors are represented by a broad media (267) or coculturing glial cells with DRG neurons family of proteins classified into two major groups (88, (267, 268) . In Schwann cell cultures obtained from adult 133): 1) adenosine receptors (or P 1 purinoreceptors coderats and rabbits, the predominant receptor type was P 2u named also as A 1 -A 4 receptors) coupled mainly with ade- (9) , suggesting that the expression of particular purinorenylate cyclases as well as with PLC (A 1 receptors) and 2) ceptor subtypes might undergo developmental changes. receptors for ATP and related nucleotides known as P 2 Finally, an analysis of purinoreceptors at the frog neuropurinoreceptors. On the basis of pharmacological propermuscular junction perisynaptic Schwann cells revealed ties, the P 2 purinoreceptor family is subclassified into two metabotropic A 1 adenosine and P 2y purinoreceptors that groups: ionotropic receptors (P 2x and P 2z ) and metabotroboth induce intracellular Ca 2/ release and involve pertuspic receptors (P 2y , P 2u , P 2t and P 2d ). Advances in molecular sis toxin (PTX)-sensitive G protein transduction cloning extended this classification by showing that puripathways, as well as ionotropic P 2x receptors that act via noreceptors are encoded by two distinct gene families membrane depolarization and Ca 2/ entry through plas- (55) . The family of P 2x receptors comprise several submalemmal L-type Ca 2/ channels (367) . Voltage-clamp extypes (labeled P 2x1-7 ) of ligand-gated ionic channels with periments on cultured mouse DRG Schwann cells also a unique two transmembrane domain topology; the memrevealed the existence of an ATP-triggered cationic curbers of P 2x family differ in their ion selectivity and gating rent, sensitive to P 2 purinoreceptor antagonist suramin properties. Cloned P 2z receptors also belong to the P 2x and carried to certain extent by Ca 2/ (4). The unusually gene family, and they are codenamed as P 2x7 subtype; high concentrations of ATP required to activate this cur-P 2x7(z) receptors are large transmembrane pores that are rent (dissociation constant Ç8.4 mM) suggests P 2z recepactivated in fact by a tetraanionic form of ATP (ATP 40 ) tors are involved. All experimental data available indicate and may pass molecules with a molecular mass up to 1 that Schwann cells express purinoreceptors linked to the kDa. Cloned metabotropic receptors are classified as P 2y regulation of [Ca 2/ ] i , and this might be an important pathfamily, being represented by seven members (P 2y1 -P 2y7 ). way for neuronal-glial interaction in the peripheral ner-They all are similar to other G protein-linked metabotrovous system. This interaction is presumably accomplished pic receptors by their seven-transmembrane domain via either synaptic or nonsynaptic release of purines after structure and are often associated with PLC and hence axonal electrical activity. InsP 3 turnover. The P 2y1 receptor pharmacologically 2. Astrocytes matches P 2y subtype, P 2y2 -P 2u , P 2y3 probably corresponds to P 2t receptor; P 2y4-7 are not yet assigned with known Numerous experiments on cultured astrocytes demsubtypes.
onstrate that they express both adenosine (P 1 ) and P 2 purinoreceptors involved in the regulation of [Ca 2/ ] i . Purinoreceptors are unusually widely distributed by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from A) ADENOSINE (P 1 ) PURINORECEPTORS. Apart from A 1 have also been described in astrocyte-derived glioma cells (87). The coexpression of both P 2y and P 2u receptors were and A 2 receptors present in astroglia, which either inhibit demonstrated for cultured cortical astrocytes from neona-(A 1 ) or stimulate (A 2 ) adenylate cyclase, recent experital rat (228) . That was shown by injecting the Xenopus ments demonstrated that adenosine may also increase oocytes with mRNA collected from confluent astrocytic [Ca 2/ ] i in astrocytes (96, 335) . This [Ca 2/ ] i increase origicultures. The injected oocytes expressed both P 2u and nates from intracellular Ca 2/ stores. It was mimicked by P 2y receptors as demonstrated by their pharmacological selective A 1 receptor agonist N 6 -cyclopentyladenosine and profile. inhibited by A 1 antagonist 8-cylopentyl-1,3-dipropylxan-Activation of P 2y receptors leads to an increase in tine (335). Additionally, stimulation of A 1 receptors was intracellular InsP 3 in cultured cortical astrocytes (214, reported to potentiate the [Ca 2/ ] i mobilizing activity of 338, 340) , resulting in InsP 3 -driven Ca 2/ release from interother neuroactive substances, including histamine (335), nal stores. The involvement of PLC controlled InsP 3 prosubstance P (96) and the mGluR agonist (1S,3R)-ACPD duction and activation of InsP 3 -gated ER Ca 2/ channels (324) . The ability of adenosine to induce Ca 2/ mobilization was directly demonstrated in experiments on cultured asfrom internal stores was further substantiated in videotrocytes from rat cerebral cortex and spinal cord. In both imaging experiments on astrocytes in acutely isolated rat preparations, an increase in intracellular InsP 3 [by either hippocampal slices (349). The agonist/antagonist sensitivflash photolysis (382) or intracellular dialysis (375)] mimity of adenosine-induced [Ca 2/ ] i transients in slice prepaicked the effects of ATP. The sensitization of InsP 3 receprations did not match the pharmacological profile for A 1 , tors by incubation of cultured astrocytes with timerosal A 2 or A 3 receptors; the possible involvement of A 2b recepdramatically increased the amplitude of ATP-induced tors (452) was suggested. The [Ca 2/ ] i mobilization medi-[Ca 2/ ] i transients (347). Furthermore, an ATP-induced ated through adenosine receptors was reported to trigger [Ca 2/ ] i increase was inhibited by heparin, an intracellular nitric oxide release from cultured astrocytes (202).
antagonist of InsP 3 -gated Ca 2/ channels, and prevented B) P 2 PURINORECEPTORS. Many studies of cultured asby pharmacological inhibition of PLC (375) . trocytes have shown that ATP increases [Ca 2/ ] i . Both io-
The existence of functional P 2y receptors in astroglial notropic and metabotropic P 2 purinoreceptors appear to cells was demonstrated in situ in Bergmann glial cells participate in this response. The ATP-stimulated Ca 2/ instudied in acutely isolated cerebellar slices (Fig. 6 ). Adenflux was found first in experiments measuring 45 Ca 2/ uposine 5-triphosphate and P 2y agonists promptly raised take in astrocytes (309). This effect of ATP was inhibited [Ca 2/ ] i (235) . As shown in Figure 6 , these Ca 2/ responses by LaCl 3 , suggesting Ca 2/ entered via plasmalemmal Ca 2/ were not affected by removal of external Ca 2/ and were channels. Subsequent current-and voltage-clamp studies not associated with measurable transmembrane currents. found that ATP depolarized cultured cerebral astrocytes Thus intracellular stores appear to be the exclusive source by triggering an inward cationic current, most likely due of Ca 2/ . This was confirmed in experiments in which the to stimulation of P 2x receptors (274, 438) . This cationic ATP-induced [Ca 2/ ] i rise was blocked by blockade of ER current may activate voltage-gated Ca 2/ channels (438). pumps with thapsigargin, as well as intracellular perfusion Alternatively, P 2x receptors may have an appreciable Ca 2/ of these cells with heparin. Such experiments confirm that permeability. Experiments with other cells suggest that the InsP 3 -induced Ca 2/ release from ER Ca 2/ stores is several P 2x receptor subtypes have a significant Ca 2/ perinvolved in the ATP response (235) . meability (423) . The Ca 2/ current can be up to 6.5% of the total under physiological conditions (369) . Furthermore, astrocytic calcium signaling could be mediated through 3. Oligodendrocytes P 2z ionotropic receptors as demonstrated on primary cultured rat cortical astrocytes (19).
Cells of the oligodendrocyte lineage respond to ATP Another important route for [Ca 2/ ] i increases in asby generating [Ca 2/ ] i transients mediated by activation of trocytes results from metabotropic P 2 receptor stimulametabotropic P 2y and/or P 2u purinoreceptors (213, 237, tion. Studies on purinoreceptor agonists suggest that the 407). The ATP-driven [Ca 2/ ] i responses remain in Ca 2/predominant type of metabotropic ATP receptor exfree solutions and are inhibited by thapsigargin and intrapressed by astroglia is the P 2y (214, 285, 374, 375) , although cellular dialysis with heparin (237), indicating a role for there are reports that primary cultured cortical (50, 338) the InsP 3 -mediated intracellular signal transduction chain. and dorsal spinal cord (176) astroglial cells express P 2u Experiments in situ, in corpus callosum slices, also demreceptors linked to InsP 3 turnover and Ca 2/ mobilization onstrated ATP-triggered [Ca 2/ ] i transients in oligodendrofrom internal stores. Likewise, P 2u receptors linked to cytes (defined by their morphology and ionic current pat-[Ca 2/ ] i increase were found in enteric glial cells (226) , tern) (237) . The ATP-induced Ca 2/ signaling in oligodenwhich are similar to astrocytes with respect to their mordrocytes in brain slices was not accompanied by any phology and GFAP expression. Intracellular Ca 2/ inchanges in membrane permeability, further supporting the suggestion of an intracellular origin. creases and [Ca 2/ ] i oscillations mediated by P 2u receptors 
Microglia
and in freshly isolated microglial cells (124). The role of metabotropic purinoreceptors and the existence of capac-Microglia respond to ATP with complex [Ca 2/ ] i tranitative Ca 2/ entry mechanisms in microglia needs further sients comprised of components associated with intracelinvestigation. lular Ca 2/ release and transmembrane Ca 2/ entry (124, 293, 439) . The precise identity of the metabotropic P 2 re-C. Monoamines ceptor subtype in microglia is not known. Adenosine 5triphosphate-driven [Ca 2/ ] i increases in microglial cells could result either from Ca 2/ influx via ionotropic purino-Monoamines (epinephrine as an adrenal medullary hormone and norepinephrine as a neurotransmitter in receptors or by activation of metabotropic purinoreceptors with subsequent InsP 3 -induced Ca 2/ release from in-both peripheral and CNS) exert their physiological action via a broad family of adrenoreceptors (AR). There are ternal pools and (possibly) activation of capacitative Ca 2/ entry (293) . The ionotropic P 2 receptors have been elec-three basic subtypes of adrenoreceptors (a 1 -AR, a 2 -AR, and b-AR) that are coupled to different signal transduc-trophysiologically characterized in experiments on both cultured microglial cells and in situ preparations and are tion systems and have distinct pharmacological profiles (56) . The a 1 -AR are coupled via G proteins with PLC and/ believed to be of the P 2x (439) and P 2z (160) type. The activation of P 2z receptors reportedly was partially respon-or plasmalemmal Ca 2/ channels and produce an increase in [Ca 2/ ] i in many tissues, whereas a 2 -AR and b-AR con-sible for [Ca 2/ ] i rises in ATP-treated microglial cell lines trol the activity of adenylate cyclase. In glial cells, the prepared hippocampal stratum radiatum slices (104) and
in Bergmann glial cells studied in isolated cerebellar slices expression of adrenoreceptors and monoamine-triggered (239) . In both studies, norepinephrine-and epinephrine-Ca 2/ signaling has been found exclusively in astrocytes. evoked [Ca 2/ ] i responses exhibited a 1 -AR pharmacology Astrocytes express b-AR (184, 276 ) and a 1 -AR (256, (the effects were mimicked by a 1 -AR agonist PE, blocked 383) both in culture and in situ (see also Ref. 284 for by a 1 -AR antagonist prazozin, and insensitive to a 2 -ARreview of AR in astrocytes). In cultured astrocytes, the specific agents). The a 1 -AR-mediated [Ca 2/ ] i responses expression of b-AR was only found in type 1-like cells were characterized by a long-lasting plateau phase that (51); a 1 -AR are abundant in all types of astrocytes. Stimufollowed the initial [Ca 2/ ] i rise. Removal of [Ca 2/ ] o elimilation of a 1 -AR with norepinephrine increases intracellunated the plateau phase in Bergmann glia but not in hippolar levels of InsP 3 (337, 339). Microfluorimetric [Ca 2/ ] i recampal astrocytes. cording techniques revealed that norepinephrine and other monoamines increased cytoplasmic Ca 2/ in cultured astrocytes (49, 193, 285, 317, 373) . The pharmacological D. g-Aminobutyric Acid and Glycine profile of the monoamine-induced [Ca 2/ ] i transients demonstrated a leading role for the a 1 -AR receptor, although g-Aminobutyric acid (GABA) effects in the nervous several reports point out that activation of a 2 -AR can insystem are mediated by three distinct subtypes of recepcrease [Ca 2/ ] i (285, 315, 461) , presumably involving PLCtors: GABA A and GABA C are intrinsic ligand-gated Cl 0 driven production of InsP 3 (as revealed by the inhibition channels, whereas GABA B receptors are coupled to their of a 2 -AR-stimulated [Ca 2/ ] i elevation with the specific PLC effectors (K / -or Ca 2/ -permeable plasmalemmal channels) blocker U-73122; Ref. 114 ). The density of a 2 -AR linked via G proteins (206, 308, 386) . In contrast to neurons, to the generation of cytoplasmic Ca 2/ signals was signifiwhere GABA normally leads to a hyperpolarization, in cantly upregulated by incubation of cortical astrocytic culmacroglial cells GABA depolarizes the membrane (132, tures with dibutyryl cAMP (114) . The a 1 -AR-mediated 221, 222, 435) . The difference is not due to the receptor [Ca 2/ ] i transients are characterized by complex kinetics, but rather due to the different intracellular Cl 0 levels in often consisting of an initial peak followed by a longthe two cell types. Glial cells have a more positive Cl 0 lasting plateau or oscillations (e.g., Refs. 373, 450). The equilibrium potential (E Cl ) than neurons due to a higher norepinephrine-induced [Ca 2/ ] i increase in cultured intracellular Cl 0 concentration. This is primarily due to mouse astrocytes was substantially inhibited by chronic the activity of two inwardly directed Cl 0 transporters, a treatment (7-14 days) with 1 mM lithium (63) . The latter Na / -K / -2Cl 0 cotransporter and a Cl 0 /HCO 0 3 exchanger. is known to interfere with InsP 3 signaling pathway and The Cl 0 reversal potential in glial cells is about 035 mV, has therapeutic potential as a mood-stabilizing drug. Thus and opening Cl 0 channels led to a depolarizing Cl 0 efflux it is not excluded that the psychological effects of lithium (132, 435) . The GABA-activated inward currents were reare due to modulating astrocytic rather than neuronal recorded in cells from astrocyte and oligodendrocyte linceptor.
eage employing both single cell (45, 131, 221 ) and brain Shao and McCarthy (379, 382) determined the relaslice models (32, 398) . tion between the amplitude of the [Ca 2/ ] i increase in corti-In many cases, GABA-induced depolarization of glial cal astrocytes and agonist concentration (379, 382) . The cells exceeds the threshold for voltage-gated Ca 2/ chanthreshold phenylephrine (PE) concentration was Ç1 mM, nels and thereby produces Ca 2/ influx and measurable but PE concentrations exceeding 5 mM triggered a maxi-[Ca 2/ ] i transients. Such effects have been recorded from mal response. Moreover, using subsequent monitoring of cultured (314) and freshly isolated (131) astrocytes as a 1 -AR-mediated [Ca 2/ ] i increase and the a 1 -AR receptors well as cultured cells of the oligodendrocyte lineage (230) . density in the same cell, they (379) found that the ampli-Experiments with freshly isolated astrocytes and oligotude of [Ca 2/ ] i response was independent of the density dendrocytes in culture demonstrated that GABA-induced of a 1 -AR (despite that the latter varied between 10 and [Ca 2/ ] i increases were exclusively due to Ca 2/ entry via 2,000 binding sites/1,000 mm 2 membrane area). They sugvoltage-gated channels, since removal of [Ca 2/ ] o or Ca 2/ gested that a 1 -AR-mediated InsP 3 formation triggers all-orchannel blockers inhibited the [Ca 2/ ] i rise (131, 230) . In nothing Ca 2/ release from internal stores. The underlying experiments on cultured astrocytes, Nilson et al. (314) mechanism is unclear but may involve facilitation of suggested that in addition to plasmalemmal Ca 2/ entry, InsP 3 -induced release by increased [Ca 2/ ] i . In contrast, GABA triggered a release of Ca 2/ from intracellular stores, experiments on cerebellar Bergmann glial cells (239) resuggesting a possible involvement of GABA B receptors. vealed a flatter dependence of [Ca 2/ ] i increase on agonist Another piece of evidence suggesting the expression of concentration, suggesting a gradual InsP 3 -triggered Ca 2/ GABA B receptors coupled to Ca 2/ entry pathway came release in these cells. from 45 Ca 2/ flux measurements (3), although this observa-Recently, the expression of functional a 1 -AR linked tion has not been substantiated yet with physiological techniques. to [Ca 2/ ] i was found in situ in astrocytes from acutely by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from Some glial cells have been reported to express gly-lowed the activation of muscarinic receptors in oligodendrocyte precursors (79) . cine receptors that also increase Cl 0 permeability (231).
Activation of these receptors causes depolarization of oli-
Pharmacological assays indicate that astrocytes also godendrocytes and might also increase [Ca 2/ ] i , but this have both M 1 and M 2 receptors (8, 302) and that M 1 recephas not yet been shown.
tors are primarily responsible for InsP 3 production (8). In addition, in astrocytes from neonatal rat cerebral cortex, M 3 receptors coupled to phosphoinisitide hydrolysis were E. Acetylcholine found (243) . The expression of functional MChRs receptors varies considerably between astrocytes isolated from Acetylcholine reacts with two distinct families of chodifferent brain regions; the carbachol-stimulated InsP 3 linoreceptors, nicotinic cholinoreceptors (NChRs) that production mediated by M 1 receptors was much higher in contain an integral cationic channel and metabotropic astrocytes derived from mesencephalon than in cells from muscarinic cholinoreceptors (MChRs) that are coupled to the medulla-pons and cerebral hemispheres, being an-PLC and adenylate cyclase by means of G proteins (58, other example of functional heterogeneity among astro-122). The NChRs are assembled from a broad family of cytes (8) . elementary subunits belonging to a distinct gene family; some NChR heteromeres have relatively high Ca 2/ permeability (408, 433 ). There are five major subtypes of MChRs F. Histamine (M 1 -M 5 ) that have been identified and cloned (41) . They have the seven membrane spanning domain structure typical for metabotropic receptors. Type 1, 3, and 5 MChRs
Histamine affects three types of receptors: H 1 (couare coupled with PLC, thereby controlling InsP 3 turnover, pled with PLC), H 2 (positively connected with adenylate and MChRs types 2 and 4 decrease adenylate cyclase accyclase), and H 3 receptors that control histamine turnover tivity. and release (257). Histaminergic nerve terminals in the In glial cells, NChRs have only been described in posterior hypothalamus release the transmitter nonsynapinvertebrates. Stimulation of NChRs in leech neuropile tically directly into the interstitial space (196) . It is thus glial cells causes depolarization (18, 376) and increased likely that adjacent glial cells equipped with the proper [Ca 2/ ] i due to both Ca 2/ entry via NChRs and voltagereceptor are activated. Indeed, astrocytes as well as astroactivated plasmalemmal channels (376) . In insects, there cytoma cell lines have both H 1 and H 2 receptors (187, 195 , is evidence of NChRs from immunochemical studies 196) , and stimulation of H 1 receptors increased intracellu- (255) . lar InsP 3 in these cells (10, 244, 305) . Measurements of Muscarinic receptors are widely distributed in mam-[Ca 2/ ] i revealed intracellular Ca 2/ transients in both astromalian macroglial cells. Initially, MChRs were detected in cytoma cell lines (286, 456) and primary cultured astroboth astrocytes (185, 366) and oligodendrocytes (366) by cytes (136, 193, 194, 285) (286, 320, 327) , glial cells (239) . In these cells, histamine induced [Ca 2/ ] i perisynaptic Schwann cells at the frog neuromuscular transients in a dose-dependent manner (threshold Ç1 mM; junction (200), primary cultured astrocytes (92, 382) , and and maximal response at Ç100 mM). The histamine-incultured oligodendrocytes (78, 213) . In the latter, PCR duced [Ca 2/ ] i transients in Bergmann glial cells were senwas used to demonstrate the expression of both M 1 and M 2 sitive to the H 1 specific antagonist chlorpheniramine but MChRs. However, the carbachol-induced [Ca 2/ ] i increase were not mimicked by H 2 and H 3 agonists (dimarit and awas preferentially sensitive to the M 1 agonist pirenzipine, methylhistamine, respectively). Similarly, H 2 and H 3 antagrather than the M 2 antagonist methoctramin. This suggests onists (ranitidine and thioperamide) had no effect. Prethat InsP 3 formation and Ca 2/ mobilization in oligodentreatment of Bergmann glial cells with thapsigargin aboldrocytes involves M 1 muscarinic receptors (78) . Interestished the histamine-induced [Ca 2/ ] i response, suggesting ingly, MChR-mediated [Ca 2/ ] i responses in cells of the that intracellular Ca 2/ release was responsible for the H 1 oligodendrocyte lineage have two components, an initial receptor-sensitive [Ca 2/ ] i rise. rise associated with intracellular Ca 2/ release and a long-In cells of the oligodendrocyte lineage, histamine inlasting plateau resulting from Ca 2/ entry (78) via an uncreased [Ca 2/ ] i in a subpopulation of cultured progenitors known mechanism. Both Ca 2/ release and Ca 2/ entry are important for stimulation of c-fos expression, which fol-and mature oligodendrocytes (213). (267) . The BK-triggered [Ca 2/ ] i elevation in cultured astroglia was mediated mainly by B 2 receptors as judged by its pharmacological profile, although a minor Substance P belongs to a family of neuropeptides, subpopulation of astrocytes may also contain B 1 receptors the neurokinins, that affects neurons by stimulating neu- (152, 399) . The relative importance of intracellular Ca 2/ rokinin receptors widely distributed in the brain (275) . release/Ca 2/ entry components in BK-induced [Ca 2/ ] i ele-These receptors are represented by three subtypes (NK 1vation remains unclear. In one series of experiments on NK 3 ) identified by different molecular structures and a cultured astrocytes, BK-triggered [Ca 2/ ] i transients condistinct pharmacological profile (89, 384, 458) . Among sist of an initial Ca 2/ release from ER stores followed by them, NK 1 receptors preferably bind substance P. All three long-lasting Ca 2/ entry component (152) . Another study NK receptors are typical G protein-coupled metabotropic with the same type of cells found only the Ca 2/ release receptors with a seven transmembrane domain structure. component (399) . Apart from an [Ca 2/ ] i rise, an inward Interaction of substance P with NK 1 receptors results in current was observed in cultured astrocytes upon BK apphosphoinositide hydrolysis (278, 279) in oligodendroplication (152) . The BK-dependent membrane current was cytes and type 2 astrocytes. Substance P and NK 1 agonists also sensitive to B 2 receptor antagonists. However, a clear increase [Ca 2/ ] i by releasing Ca 2/ from thapsigargin-sensidisparity in the concentration dependence between tive stores in astrocytoma cell lines (43, 110, 353) in huchanges in [Ca 2/ ] i and membrane conductance was found. man glioma line (173), in primary cultured astrocytes (193, The 50% effective concentration (EC 50 ) for [Ca 2/ ] i rise was 278, 281) , and in cultured cells of oligodendrocyte lineage Ç10 nM BK, whereas EC 50 for BK-induced currents was (172, 213). In astroglia, substance P-dependent InsP 3 pro-Ç1 mM. These results suggest that distinct concentrationduction and subsequent intracellular Ca 2/ release was redependent signaling pathways aimed at different targets stricted to type 2 astrocytes (278) . The NK 1 -mediated are triggered by activation of B 2 receptors on cultured [Ca 2/ ] i responses, found in experiments with both glial astrocytes. Bradykinin-induced Ca 2/ signaling was obcells lines (43) and primary cultured oligodendrocytes served in Ç50-60% of cultured astrocytes and was a sub-(172), were relatively short and not affected by extracelluject of developmental regulation in oligodendroglia, i.e., lar Ca 2/ removal. This suggests that the Ca 2/ is released BK triggered [Ca 2/ ] i elevation in Ç50% of mature oligodenfrom intracellular stores. Substance P-induced Ca 2/ sigdrocytes compared with only 13% of oligodendrocyte prenals stimulate interleukin-1 production in cultured astrocursors (213). cytes (281) . The activation of NK 1 receptors is accompanied by astrocyte depolarization (444) due to the closure of K / channels (15) . What is the mechanism of K / chan-I. Endothelins nels inhibition upon substance P stimulation remains unclear; it could be mediated by an [Ca 2/ ] i increase. This Endothelins, represented by three major isoforms endepolarization, in turn, could activate additional Ca 2/ incoded by distinct genes (ET-1, -2, -3; Ref. 197 ), were first flux through voltage-gated channels.
found to be potent vasoactive compounds (455). Later, expression of both endothelin mRNAs and a peptide H. Bradykinin proper, as well as endothelin binding sites, were found to be widely distributed in the brain (148, 208) , and physiological responses were detected in neurons challenged Two types of bradykinin (BK) receptors (B 1 and B 2 ) have been described (161) . Both subtypes belong to the with endothelins (70, 299) . Endothelin-induced cellular reactions are mediated via three major receptor subtypes G protein-coupled metabotropic receptors linked to PLC and InsP 3 production. Bradykinin acts not only as an effec-(ETRs) bearing different sensitivity to endothelin isoforms. The most abundant form in the brain is the nonse-tive vasodilatator but also as a neurotransmitter. Bradykinin and its binding sites were found in the mammalian lective ET B R (which is equally sensitive to all 3 endothelins). The ET A R (preferably sensitive to ET-1 and ET-2, brain (135, 344) , and various neurons express functional BK receptors. Initial evidence for the presence of BK re-but not ET-3) is much less expressed. The ET C Rs have been described only in nonmammalian tissues (26, 372) . ceptors in glial cells came from biochemical experiments that identified BK binding sites on cultured astrocytes (68) All endothelin receptors have an overall topology similar to G protein-coupled seven transmembrane domain me-and demonstrated stimulation of phopshoinisitide turnover in BK-treated cultured astrocytes (69, 278, 366) and tabotropic receptors, and their activation involves various G proteins (either PTX sensitive or insensitive). The ETRs oligodendrocytes (278, 400) . In physiological experiments, using microfluorimetric [Ca 2/ ] i recordings, BK was found are significantly involved in regulation in [Ca 2/ ] i . They trigger the PLC-InsP 3 -Ca 2/ release transduction chain as to increase [Ca 2/ ] i in cultured Schwann cells (330) and in cultured astrocytes (152, 399) and oligodendrocytes (213, well as stimulate transmembrane Ca 2/ influx (372) .
Initially, endothelin receptors were found with auto-278). However, in freshly isolated Schwann cells, a BKinduced [Ca 2/ ] i rise was observed only in a minor cell radiography in various subpopulations of brain astrocytes (186) . Later, astrocytes were shown to express ET A and of endothelin-induced Ca 2/ responses in Bergmann glial cells in situ (418) . In the same cells, endothelin-triggered ET B receptors (111, 123, 162) . Furthermore, in certain brain regions, expression of endothelin-binding sites was [Ca 2/ ] i transients exhibited a progressive rundown with repeated endothelin applications (418) . This could be the found to be glial specific. The endothelin binding in the cerebellum was quite similar in normal mice and in mu-result of the internalization of the ETRs (364) .
Endothelin-induced [Ca 2/ ] i signaling might partici-tants lacking Purkinje neurons (pcd mutants), suggesting that glial cells carry the majority of ETRs (270) . Stimula-pate in the astroglial proliferative response. Increased levels of endothelins in brain tissue accompany various in-tion with endothelin led to an increase of InsP 3 in astrocytes and astroglioma cells (70, 86, 263, 270, 459) and to sults in the CNS (22, 153) . This observation suggests the hypothesis that ETRs are involved in the transduction of increases in [Ca 2/ ] i in both glial cell lines (263, 456, 459) and cultured astrocytes (155, 183, 280, 396, 404) ; recently, a mitogenic signal which, at least partially, underlies the activation of astrocytes involved in brain pathology. Isch-ET-1-induced [Ca 2/ ] i transients were also detected in microglial cells (293) . The glial [Ca 2/ ] i response to endothe-emic conditions are also accompanied by an increase in endothelin synthesis (22), and endothelin antagonists are lins was found to be insensitive to PTX (183, 396) . The endothelin-mediated Ca 2/ mobilization in glioma cells was neuroprotective during brain ischemia (125). It has been demonstrated that endothelin-induced [Ca 2/ ] i increases inhibited by opioid agonists presumably because they inhibit InsP 3 production (20). The expression of ETRs linked play a pivotal role in stimulation of DNA synthesis and proliferative response of cultured type 1 astrocytes (396, to [Ca 2/ ] i increases appears to be region specific, i.e., in cortical type 1 astrocytes, endothelin effects on [Ca 2/ ] i 404). In addition, endothelins were found to trigger immediate early genes expression; the level of Fos proteins were mediated via ET A R (183), whereas cerebellar astrocytes predominantly expressed ET B R (396). The increases significantly in endothelin-challenged glial cells from organotypically cultured cerebellar slices (403). This astrocytic expression of ETRs linked to [Ca 2/ ] i was recently demonstrated in experiments in situ on Bergmann suggests that ET receptors can play a role in development or during pathological events when glial cells undergo glial cells, in which endothelin produced an elevation in [Ca 2/ ] i . The Ca 2/ responses in Bergmann glial cells were phases of proliferation. In this context, the glial endothelin system has been implicated in a number of patho-mediated by ET B R (418) as was revealed by singe-cell RT-PCR analysis.
physiological situations such as viral infections (269), Alzheimer's disease (460) , and ischemia (454) . The endothelin-induced [Ca 2/ ] i transients in both cultured and in situ astrocytes had heterogeneous kinetic properties varying from a simple peak response to a bi-J. Other Agonists Linked to Intracellular Ca 2/ phasic [Ca 2/ ] i rise, with a plateau lasting up to 20 min Regulation in Glial Cells after agonist washout (155, 183) . Sometimes endothelin triggered only a plateau without a defined peak (183) . As in the case of other agonist-triggered [Ca 2/ ] i responses, 1. Serotonin the initial peak resulted from internal Ca 2/ release, while Serotonin is a neurotransmitter in a number of brain the plateau phase was entirely dependent on extracellular regions. It exerts its action via a broad spectrum of recep-Ca 2/ (183, 263, 396, 404, 419) . The nature of Ca 2/ delivery tors that have been classified into four subfamilies (5-HT 1 pathway underlying the plateau phase of endothelin-into 5-HT 4 ). Both 5-HT 1 and 5-HT 4 are coupled to adenylate duced responses remains controversial. Studying endocyclase, whereas 5-HT 3 receptors are ligand-operated catthelin responses in cerebellar cultured glial cells, one ionic channels and 5-HT 2 receptors are positively coupled study found it was completely (404) or partially (396) with PLC, thereby regulating InsP 3 production (189, 462) . inhibited by nifedipine, suggesting an important role for Serotonin activates phosphoinositide turnover in glial cell voltage-gated Ca 2/ channels, whereas in another study, lines (7) and raises [Ca 2/ ] i in astrocytomas (325, 402) and nifedipine had only a marginal effect (183) . The effects of subpopulations of primary cultured astrocytes (94, 193 , ETR stimulation on Ca 2/ channels might be mediated by 316, 425) . Type 1 astrocytes are more sensitive to serotodiacylglycerol, since treating cultured astrocytes with a nin (285) than type 2 astrocytes (92). Cultured astrocytes protein kinase inhibitor causes a nifedipine-sensitive plachallenged with serotonin display kinetically different reteau (183) . Diacylglycerol might induce phosphorylation sponses varying from single spikes to prolonged oscillaof Ca 2/ channels and shift their threshold toward more tions (316) . In Schwann cells, results on the appearance negative membrane potentials. The participation of Ca 2/ of 5-HT receptors linked to [Ca 2/ ] i are controversial. In a channels in the response may vary considerably from cell comprehensive study of neuroactive substances, Lyons et to cell. A second possible mechanism for producing a al. (267) failed to detect an effect of serotonin on [Ca 2/ ] i prominent plateau phase in endothelin-induced [Ca 2/ ] i in cultured Schwann cells. Another study of cultured transients might be either endothelin-activated plas-Schwann cells (457) found a consistent increase in [Ca 2/ ] i malemmal channels or capacitative Ca 2/ entry. The capacitative Ca 2/ entry pathway is likely to shape the plateau mediated by stimulation 5-HT 2A receptors. In the latter by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from case, the Schwann cells were maintained in 4 mM and appeared to result entirely from Ca 2/ influx via voltage-gated channels, since either removal of Ca 2/ from the forskolin; such treatment could promote the expression of serotonin receptors. In cultured astrocytes, serotonin bath or the addition of Cd 2/ (2 mM) prevented the [Ca 2/ ] i responses to NPY. The channels were activated by NPY-effects were mediated by 5-HT 2 receptors, as detected by radioligand binding, Northern blots, and pharmacological triggered cell depolarization resulting from an inward current in response to NPY application. This current resulted assays (94) . Further studies revealed the pharmacological profile of these receptors corresponds to the 5-HT 2C sub-from the closing of K / channels. The NPY-dependent modulation of K / channels was PTX insensitive (151) . type (64) .
Complement fragments 2. Oxytocin and vasopressin
Complement fragments (anaphylatoxins) are gener-Receptors for the closely related neurohormones ated during the activation of the complement system and oxytocin and vasopressin have been found in several play an important role in various immunological reactions types of astroglial cells. Oxytocin caused an increase in (157). Recently, it was discovered that complement frag-InsP 3 level in cultured astrocytes from cortex and cerebelments can be directly produced in the brain (21). The lum but not from spinal cord (67). The oxytocin binding action of anaphylatoxins is achieved via activation of spesites were initially described in cultured hypothalamic ascific receptors belonging to the metabotropic family and trocytes (100, 101) , and later, functional oxytocin recephave a characteristic seven transmembrane structure tors linked to intracellular Ca 2/ signaling were found in (363, 365) . They are believed to regulate PLC-controlled the same cells (99) . Oxytocin-triggered [Ca 2/ ] i transients InsP 3 accumulation and initiate Ca 2/ release from intracelwere observed in a majority of hypothalamic astrocytes. lular stores (294, 319) . Initially, expression of complement The responses usually had a monophasic peak with a fast fragments receptors was thought to be a perogative of decay to the initial [Ca 2/ ] i level. A minority of cells (15%) leukocytes. However, functional anaphylatoxin receptors underwent [Ca 2/ ] i oscillations. The transients remained were found in other cells including neuroglia. The recepin Ca 2/ -deficient extracellular media, suggesting they origtors for complement fragment C5a were found in both inated from intracellular Ca 2/ release. They exhibited a primary cultured human fetal astrocytes and in a human prominent rundown in response to successive oxytocin astrocyte cell line. Stimulation of these receptors raised applications apparently due to receptor desensitization [Ca 2/ ] i in cultured astrocytes (144) . Similarly, complement rather than depletion of stores (99) .
fragments C5a and C3a triggered a transient [Ca 2/ ] i rise The addition of vasopressin to cultured cortical and in both cultured microglial cells and microglial cells on cerebellar astrocytes also increased intracellular InsP 3 the surface of acutely isolated corpus callosum slices (67). Subpopulations of cultured type 2 astrocytes (193) , (292). The anaphylatoxin-induced [Ca 2/ ] i transients reastrocytes derived from rat neural lobes (168) and circumcorded in microglial cells result from Ca 2/ release from ventricular organs (210) , also responded to vasopressin intracellular stores followed by a capacitative Ca 2/ influx with an increase in [Ca 2/ ] i . Naturally occurring fragments (292). of vasopressin increased [Ca 2/ ] i in cultured astrocytes from the circumventricular organ (211). The effects of 5. Platelet-activating factor vasopressin on [Ca 2/ ] i in astrocytes were mediated by V 1 Platelet-activating factor (PAF) is known to substanvasopressin receptors, as suggested by their pharmacologtially modulate neuronal functions by exerting a pleiotroical profile (210, 211) . Vasopressin-triggered [Ca 2/ ] i tranpic effect and modulating synaptic transmission (27, 215). sients were maintained in Ca 2/ -free solutions, indicating Its effect is mediated via stimulation of specific PAF rethat they resulted (as in the case of oxytocin) from a ceptors (PAFR; Ref. 38), which control phosphoinositide release of Ca 2/ from intracellular stores (210) . turnover and induce Ca 2/ release from internal stores in various types of cells, including neurons (39, 445) . The
Neuropeptide Y
PAFRs have been also found in C6 glioma cells, primary cultured astrocytes, and oligodendrocytes (48) . In cul-Neuropeptide Y (NPY), a member of the pancreatic tured astrocytes, PAF was reported to increase cytopolypeptide family (which includes also pancreatic polyplasmic InsP 3 (346). High expression of PAFR and PAFpeptide and peptide YY), was found to be expressed in induced [Ca 2/ ] i elevation (due to both internal Ca 2/ rethe CNS where it exerts various regulatory effects (see lease and Ca 2/ influx) has also been detected in immortal-Refs. 80, 106, 443 for review). In astrocytes, the specific ized (365) and cultured (293, 298) microglial cells. binding of 125 I-NPY was detected, suggesting the existence of specific receptors (151) . Applications of NPY, in micro-6. Prostanoids molar concentrations, to primary cultured cortical astrocytes caused an increase in [Ca 2/ ] i (151) . This increase Prostanoid receptors constitute a large family (442); these receptors are coupled to cAMP turnover (DP, EP 2 , was observed in 20-70% of cells in different preparations by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from and IP receptors) and to PLC and InsP 3 production (EP 1 , Other blood-derived proteins, albumin and thrombin, have been reported to affect [Ca 2/ ] i in several types of cells of EP 3 ; FP and TP receptors). The expression of FP and TP receptors linked to phosphoinositide hydrolysis was glial origin. Albumin was reported to have a rather unusual effect on [Ca 2/ ] i in cultured astrocytes, decreasing demonstrated in human astrocytoma cell line (241) , and FP receptor-mediated Ca 2/ increases were found in pri-[Ca 2/ ] i at low concentrations (õ2 mg/ml) and initiating [Ca 2/ ] i spikes at high concentrations (303, 304) . The de-mary cultured type 1 astrocytes (198) . crease in [Ca 2/ ] i in the presence of low albumin concentrations was accompanied by a significant rise in the am-7. Vasoactive intestinal polypeptide plitude of thapsigargin-and glutamate-triggered [Ca 2/ ] i Vasoactive intestinal polypeptide (VIP) in concentratransients. This suggested that albumin promotes Ca 2/ tions of 0.1-1 nM was found to increase [Ca 2/ ] i in a subaccumulation into the ER Ca 2/ stores (303) . As albumin population of cultured cortical type 1 astrocytes (119) . concentrations rise in the brain after injury, this effect Simultaneous administration of VIP and subthreshold would potentiate neurotransmitter-induced Ca 2/ signals concentrations of norepinephrine greatly increased the in astrocytes by increasing the releasable Ca 2/ content percentage of responding astrocytes and enhanced the in intracellular stores. Such a potentiation might also be VIP [Ca 2/ ] i response. The VIP-triggered [Ca 2/ ] i increases relevant for astrocyte responses that are an important persist in Ca 2/ -free external solutions and are blocked by defense component during brain insults. Another blood thapsigargin, suggesting they result from intracellular factor, thrombin, was reported to cause [Ca 2/ ] i oscilla-Ca 2/ release. Another endogenous ligand for VIP receptions in astrocytoma cells in nanomolar concentrations. tors, pituitary adenylate cyclase-activating polyleptide, re-Similar oscillations were produced by thrombin receptorleases Ca 2/ from internal stores in type 2 but not in type activating peptide. This suggests the involvement of a spe-1 astrocytes (415) .
cific plasmalemmal thrombin receptor (87).
Platelet-derived growth factor 11. Arachidonic acid Examples of platelet-derived growth factors (PDGFs)
Arachidonic acid, which serves as a biologically acare three proteins that are potent mitogenes (174). The tive signaling molecule, was reported to directly raise PDGF receptors (a and b) have been found in oligoden-[Ca 2/ ] i in cultured rat spinal cord oligodendrocytes (391). drocytes and Schwann cells, and PDGF was shown to This [Ca 2/ ] i rise appeared to result from stimulation of a promote proliferation of various types of glial cells (360) . Ca 2/ influx pathway. Intracellular Ca 2/ transients as well as [Ca 2/ ] i oscillations have been found in oligodendrocyte cell line (120) and in 12. Opioids oligodendrocyte precursors (165) in response to PDGF. In the latter, PDGF-induced Ca 2/ signaling may be in-Several groups have reported that activation of opioid volved in the initiation of cell differentiation.
receptors trigger increase in [Ca 2/ ] i in cultured astrocytes. The precise nature of receptors involved remains unclear.
Angiotensin II
In astrocytes cultures from newborn mice cerebrum (401) and rat cortex (116), morphine produced [Ca 2/ ] i increases Angiotensin II-induced [Ca 2/ ] i increases have been via activation of k-opioid receptors (as [Ca 2/ ] i responses demonstrated in human astrocytoma cell lines (412) and
were mimicked by selective k-receptor agonist U-69593). in several types of primary cultured astrocytes (201, 441).
In contrast, another group (170) reported that morphine's In astroglial cultures derived from the hypothalamus and effect on [Ca 2/ ] i in cultured mice brain astrocytes was brain stem of adult rat, angiotensin II triggered [Ca 2/ ] i mediated through m-opioid receptors. In the latter prepatransients with a clear biphasic (peak followed with plaration, morphine-triggered [Ca 2/ ] i transients were simuteau) time course. The initial peak resulted from Ca 2/ lated by m-receptor agonist PL-017, and furthermore, exrelease from the internal stores (as judged by its insensipression of m-receptors was substantiated by immunotivity to [Ca 2/ ] o and inhibition by thapsigargin and cyclopistaining with specific antibodies. The intracellular azonic acid), whereas the plateau component reflected mechanism for morphine-induced [Ca 2/ ] i mobilization is clones of cultured astrocytes, suggesting that the receptor pattern is not inherited from the parent astrocyte (380).
In a series of elegant experiments, Shao and McCarthy

Myelin
(380, 381) demonstrated that the [Ca 2/ ] i responsiveness It is of interest that myelin, the main product of differto various neuroligands can differ between two sister cells entiated oligodendrocytes, produces [Ca 2/ ] i transients in immediately after astrocyte division. Thus astrocytes are both oligodendrocytes (297) and brain stem neurons (296) not born with a fixed set of functional receptors but can in vitro. This is accompanied by a block of oligodendrovary the expression of a variety of neurotransmitter recepcytic motility and collapse of neuronal growth cones. The tors depending on factors in their environment. mechanisms for myelin-triggered Ca 2/ signaling substan-Similarly, neuroligand [Ca 2/ ] i responsiveness of cultially differed between neurons and oligodendrocytes. In tured oligodendrocytes is heavily controlled by culture neurons, myelin promoted Ca 2/ influx via voltage-gated conditions. Even more interesting, the expression of neuchannels, whereas in oligodendrocytes, most of the Ca 2/ roligand receptors linked to the Ca 2/ signaling appeared was released from intracellular stores. Thus, with the use to be controlled by oligodendrocyte-neuronal contacts of Ca 2/ signaling, oligodendrocytes could recognize con-(171). Preventing glial-neuronal contacts by transection tact with other oligodendrocytes, although the details of of neurites in oligodenroglial-DRG cocultures significantly the myelin-triggered changes in [Ca 2/ ] i remain unclear.
reduced the number of oligodendrocytes sensitive to a The myelin basic protein in micromolar concentrations variety of neuroligands (ATP, carbachol, and histamine; also triggered a prominent [Ca 2/ ] i increase associated responsiveness to BK was not affected; Ref. 171). Neuwith Ca 2/ influx (420); this [Ca 2/ ] i increase was fatal for ronal control of receptors expression in neighboring glia oligodendrocytes.
appeared to be sensitive to tetrodotoxin, suggesting the important role of neuronal activity.
Benzodiazepine receptors
An important question is whether this plasticity is Apart of acting on GABA A receptors, benzodiazepines present not only when astrocytes are in culture but also exert their action through a not yet precisely characterin vivo. Recently, this question has been investigated in ized set of binding sites found in a variety of mammalian studies of neurotransmitter-induced Ca 2/ signaling in glial cells and in glial cells in particular (447). Stimulation of cells in situ, in brain slices. Glial cells (both oligodendrocultured rat astrocytes with endogenous benzodiazepine cytes and astrocytes) in corpus callosum slices demonreceptor ligand octadecaneuropeptide in nanomolar (0.1strated prominent developmental changes in their neuro-10 nM) concentration triggered [Ca 2/ ] i transients (251). transmitter receptor expression (33) . In slices obtained This Ca 2/ elevation was independent of extracellular Ca 2/ , from young (3-7 days old) mice, glial cells were rather blocked by thapsigargin or by incubation with PTX for promiscuous, responding with [Ca 2/ ] i increases to ATP, 4 h. These data obviously suggest that benzodiazepine glutamate, histamine, GABA, norepinephrine, serotonin, receptors in astrocytes are coupled with the generation angiotensin II, BK, and substance P. In contrast, in older of Ca 2/ release from, presumably, InsP 3 -sensitive stores. (11-18 days old) animals, the expression of receptors was limited to glutamate, ATP, and norepinephrine. Another comprehensive study of Ca 2/ signaling-linked neurotrans-K. Heterogeneity of Neurotransmitter Receptor mitter expression has been carried out in cerebellar Berg-Expression in Glial Cells mann glial cells. These cells provide a unique model for studying glial cells in slices because their characteristic The data on the presence of neurotransmitter recepmorphology makes identification easy. The study found tors presented above clearly demonstrate that glial cells that, contrary to cultured astrocytes, Bergmann glia alcan express functional receptors to almost all known neuways express a distinct set of receptors. These include rotransmitters, neuromodulators, and neurohormones a 1 -adrenoreceptors, AMPA/kainate GluRs, mGluRs, H 1 ( Table 2 ). The important question is whether all these histamine receptors, P 2y purinoreceptors, and ET B endoreceptors are expressed in situ and which factors regulate thelin receptors (232, 235, 239, 419, 429) . Other substances their expression. Most of the experiments on glial recepknown to induce Ca 2/ signals in cultured macroglia were tors have been carried out in tissue-culture systems; our ineffective. Interestingly, the Purkinje cell layer, where knowledge of the receptor pattern expressed by glial cells Bergmann glial cells are located, receives afferents (323) in vivo is far more limited. Glial cells in culture express using the following neurotransmitters: glutamate (parallel a remarkable heterogeneity in their sensitivity to various fibres), norepinephrine and ATP (terminals from locus neuroligands. Cultured astrocytes can respond at the ceruleus), and histamine (histaminergic terminals from same time to a number of ligands with an increase in tuberomammillary nucleus of posterior hypothalamus). [Ca 2/ ] i . The pattern of receptor expression can differ substantially between cells in the same culture (92, 285, 380, Thus Bergmann glial cells express receptors that are ap- propriate to detect transmitters secreted in their vicinity. cytes, is remarkably complex. At a given point, the time Furthermore, it appears that Ca 2/ signaling-related recepcourse of the increase may be a single spike, biphasic tors expressed by Bergmann glia almost exactly match with an initial peak followed by a plateau, or oscillations receptors found on the closely apposed Purkinje neurons (129, 429) . Usually, simple monophasic increases follow ( Fig. 7 ; Refs. 234, 429) . An exception was ET B R. Although activation of voltage-gated Ca 2/ channels and/or ionothe mRNA for the latter is expressed in Purkinje neurons, tropic receptors (e.g., Refs. 103, 199) , whereas stimulation as revealed by single-cell RT-PCR, the endothelins failed of metabotropic receptors, releasing intracellular Ca 2/ , to trigger an [Ca 2/ ] i increase (418) . Another example of leads to complex biphasic/oscillatory [Ca 2/ ] i responses similarity of glial and neuronal receptor expression came (61, 84, 225, 450) . The initial phase of these complex from the experiments on spinal cord slices. It appears [Ca 2/ ] i signals follows InsP 3 -mediated Ca 2/ release from that the spinal cord is the only region found so far where intracellular stores. The plateau/oscillation phases reboth oligodendrocytes and astrocytes express glycine requires extracellular Ca 2/ (154, 155, 183, 203, 362, 419) . The ceptors, which are known to be present on spinal cord Ca 2/ influx pathway activated with metabotropic receptor neurons (231, 333) . It seems fruitful to pursue comparable stimulation is unclear. By analogy with other tissues (35, studies of the similarity of receptors on adjacent glial cells 75), the most likely candidate is the store-operated Ca 2/ and neurons in other areas of the nervous system to test channel, although the existence of this pathway in glial the hypothesis that the receptors expressed on glial cells cells has not been demonstrated. enable the detection of transmitter substances released
The appearance of biphasic/oscillatory [Ca 2/ ] i rein the same anatomical region by neurons.
sponses depends on agonist concentration; cultured astrocytes stimulated with low doses of metabotropic agonists responded with [Ca 2/ ] i spikes, whereas higher doses led VI. SPATIOTEMPORAL ORGANIZATION to an additional plateau phase or [Ca 2/ ] i oscillated. Such OF CALCIUM SIGNALS a dependence was found for glutamate (1, 154) , histamine (136) , norepinephrine (373) , and endothelin (155) . For glu-A. Intracellular Ca 2/ Oscillations tamate, the concentration dependence of [Ca 2/ ] i responses was even more complicated; at low concentrations, monophasic [Ca 2/ ] i transients were recorded, mod-After stimulation, the temporal and spatial distribution of the increase in [Ca 2/ ] i in glial cells, especially astro-erate concentration triggered [Ca 2/ ] i oscillations, and at by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/ Downloaded from high glutamate concentrations, the initial [Ca 2/ ] i peak was the astrocytic network. The seminal observation was followed by a sustained [Ca 2/ ] i plateau (84) . made by Cornell-Bell et al. (83) , who found that in the In addition to a complex temporal pattern, glial Ca 2/ presence of glutamate, Ca 2/ waves propagate through the signaling exhibits spatial heterogeneity. In many glial cell astrocyte syncytium. The waves followed complex routes, populations, [Ca 2/ ] i rises first in processes and then spreads without delays at cell borders, for hundreds of microns toward the soma [e.g., in ATP or KCl-stimulated oligodenat a velocity of Ç15-20 mm/s (83, 84, 428) . The propagadrocytes (237, 238) , in histamine-stimulated astrocytes (194) , tion of glutamate-triggered Ca 2/ waves requires extracelor in ATP-challenged Bergmann glial cells (235); cf. Figs. 4lular Ca 2/ . An alternative way to induce intercellular Ca 2/ 6]. Such a pattern is expected from considerations of surwaves is with focal mechanical stimulation. These waves face-to-volume relations if the release or influx is constant have different properties; they have a delay at cell borders for a given membrane area. However, subsequent analysis and persist in Ca 2/ -free solutions (61) . They are, however, suggests the situation is more complex. The localization of dependent on Ca 2/ release from the internal stores; the Ca 2/ release sites may reflect a higher concentration of Ca 2/ depletion of stores with thapsigargin blocks wave propasignaling molecules in distal parts of glial cells in regions gation (60) . The mechanism of intercellular propagation where they are in more intimate contact with neurons. Culalso involves gap junctions; the waves are inhibited by tured astrocytes display more complex spatial [Ca 2/ ] i sigoctanol, halothane (115, 126) , or by an endogenous derivanals, developing long-lasting [Ca 2/ ] i waves (450, 451) . These tive of arachidonic acid, anandamide (427). In the C6 gliwaves are associated with several intracellular loci, each oma cell line, intercellular Ca 2/ wave propagation was characterized by its own oscillatory pattern with [Ca 2/ ] i observed only in cells that were transfected with the gene waves propagating between them (450, 451). Several hypothfor the gap junction protein connexin-43 (62) . Thus a eses have been proposed to explain [Ca 2/ ] i wave initiation likely mechanism for Ca 2/ wave propagation involves inand propagation. These include periodic fluctuations of cytotercellular (via gap junctions) diffusion of InsP 3 , which plasmic InsP 3 level, [Ca 2/ ] i -dependent regulation of InsP 3generates Ca 2/ release in one cell after another (126, 390); gated Ca 2/ release channel open probability, and an interthe degree of intercellular coupling would, presumably, play between InsP 3 -induced and Ca 2/ -induced Ca 2/ release determine the wave path. The important role of intracellu-(see Refs. 6, 36, 259 for review).
lar Ca 2/ stores and InsP 3 production is substantiated by In cultured astrocytes obtained from the visual corthe finding that treatment of astrocytic cultures with thaptex, the glutamate-evoked [Ca 2/ ] i oscillations demonsigargin or with PLC blocker U-73122 completely prestrated a long-lasting modulation in frequency. The second vented the spread of intercellular Ca 2/ waves (428) . Interapplication of glutamate arriving 1-60 min after the first estingly, interglial communications via gap junctions may challenge always triggered [Ca 2/ ] i oscillation with higher be regulated by various physiological stimuli, e.g., it infrequency (332) . These changes of frequency were exclucreases upon glutamate and high K / treatment (113, 150) sively confined to glutamate-induced Ca 2/ signals; [Ca 2/ ] i or even after action potentials in adjacent axons (277 importance of the extracellular pathway, they created a [Ca 2/ ] i in glial cells have been carried out with astrocytes cell-free lane in confluent astrocytic cultures by mechaniin tissue culture. These cells have membrane receptors cally eliminating astrocytes with a glass pipette. As shown for many neurotransmitters, and their response often inin Fig. 8A , electrically induced Ca 2/ waves appeared to cludes changes in [Ca 2/ ] i . It is tempting to assume that cross cell free lanes narrower than 120 mm. Moreover, the when the transmitters are released from the neurons that velocity of wave propagation through the cell-free lane they provoke responses not only in a postsynaptic cell but did not differ significantly from the velocity of the wave also in the closely apposed glial cells. Moreover, neurons spreading via the astrocytic network. The nature of the release a variety of substances, e.g., amines, peptides, and extracellular messenger was not clarified, although glutahormones, which diffuse through the extracellular space mate can be excluded; the wave spreading over cell-free bathing other neurons and glial cells. Among the questions regions was not modified by glutamate receptor antagothat need to be addressed are the following: 1) Which nists. Whether the extracellular mechanism may work in receptors are expressed in glial cells in the intact nervous concert with gap junction propagation or it may take the system? 2) Can a glial cell distinguish between stimulants leading role in certain brain regions remains totally unthat all increase [Ca 2/ ] i ? 3) What is the functional reclear.
sponse of the glial cell after it has undergone an increase The existence of interastrocytic [Ca 2/ ] i waves in in [Ca 2/ ] i ? 4) What other changes within the glial cell brain tissue has only recently been demonstrated. A propresult from neuronal activity in addition to an increase in agating wave was observed by Dani et al. (90) in organo-[Ca 2/ ] i ? typic hippocampal slice cultures. These waves were initi-Because glial Ca 2/ signaling appears to be a ubiquiated by stimulation of mossy fibers, which are believed tous consequence of the activation of glial neurotransmitto utilize glutamate as a neurotransmitter. However, the ter receptor systems, it is of interest to explore whether intercellular Ca 2/ waves observed in these experiments neuronal activity leads to [Ca 2/ ] i fluctuations in glial cells. usually propagated for much shorter distances (2-3 Indeed, experiments performed recently in both periphastrocyte diameters) than observed in cultures. This might eral and central macroglial cells demonstrate that glia reflect a higher degree of coupling of cultured astrocytes sense nervous activity, and the latter initiates Ca 2/ signals than astrocytes in situ. More recently, propagating Ca 2/ in glial cells. The peripheral glia, the Schwann cells, generwaves were recorded in glial cells from acutely isolated ate [Ca 2/ ] i transients in response to electrical stimulation rat retina (312). These Ca 2/ waves were initiated by either of peripheral nerves (200, 258, 363) . In periaxonal local mechanical or electrical stimulation or by focal ap-Schwann cells, the Ca 2/ signal probably results from deplication of ATP, carbachol, or phenylephrine ( Fig. 8, B polarization occurring in response to increases in [K / ] o and C). Interestingly, focal applications of glutamate did resulting from nerve activity; this depolarization, in turn, not trigger Ca 2/ waves in retinal glial networks, although triggers Ca 2/ entry via voltage-gated channels and subseincubation of the whole preparation in glutamate potentiquent activation of Ca 2/ -induced Ca 2/ release from interated Ca 2/ waves induced by other stimuli. The propaganal stores (258). In contrast, in perisynaptic Schwann tion velocity of Ca 2/ wave in retinal preparation was Ç25 cells, Ca 2/ signals were mediated by either muscarinic or mm/s for all types of stimulation. The retinal Ca 2/ waves P 2 purinergic receptors (200, 363) activated by neurotransobviously originated from intracellular Ca 2/ release, being mitters released from the nerve ending. preserved in Ca 2/ -free solution and blocked by thapsigar-Neuronal activity has been found to induce [Ca 2/ ] i gin as shown in Figure 8C . elevation in glial cells from the leech nervous system (371) . At least in part, these glial Ca 2/ signals were mediated through activation of GluR. Similarly, in brain white VII. GLIAL CALCIUM SIGNALING AND matter, electrical stimulation of the optic nerve evoked NEURON-GLIAL INTERACTIONS oscillatory Ca 2/ responses in periaxonal glial cells (65, 247) ; the frequency of [Ca 2/ ] i oscillations correlated with The coordination of neuronal and glial activity restimulation frequency. The possible mechanism underlyquires that appropriate signals pass from one cell type to ing axon-glial communication in the optic nerve may inthe other. The study of these signals is a central theme in volve glutamate release from the stimulated nerve due to neuroglial research (82, 220, 389) . These interactions reversal of Na / /glutamate transporter (65) . might involve short-term functions such as ion regulation,
In astrocytes of the gray matter, neuronal-induced release of substrates, or transmitter clearance or much Ca 2/ signaling has also been found in both neuronal-glial longer term processes as might be involved in neuronal cocultures and in hippocampal slice preparations. GluRs are of AMPA type, characterized by rapid desensiti-stratum radiatum region (351). In hippocampal and visual cortex slices, electrical stimulation of presynaptic affer-zation. Removal of AMPA receptor desensitization by cyclothiazide dramatically increased astrocytic vulnera-ents triggered [Ca 2/ ] i oscillations in astrocytes (331); moreover, the frequency of astrocytic [Ca 2/ ] i oscillations bility to glutamate (93) . The high resistivity of astrocytes to glutamate coincides with their role as a major gluta-increased while increasing the intensity or frequency of afferent stimulation. In all cases, [Ca 2/ ] i transients in as-mate sink in the brain; it is well established that astrocytes are mainly responsible for glutamate removal from the trocytes were mediated by glutamate presumably released from neuronal terminals, since astrocytic Ca 2/ responses extracellular space (212) , being thus one of the important components of nerve tissue defense against glutamate ex-were mimicked by (1S,3R)-ACPD (331) and were inhibited by either nonselective ionotropic GluR blocker kinurenic citotoxicity.
Injury or brain pathology leads to a complex reaction acid (90, 351) or by mGluR blocker a-methyl-4-carboxyphenylglycine (351).
from the astrocytes and microglial cells that are an important part of the brain's defenses (145, 252) . Astrocytes In cocultures, it has been found that not only may neurons initiate Ca 2/ signals in glial cells, but also glial respond with a variety of biochemical, structural, and proliferative changes that transform them into so-called ''ac-[Ca 2/ ] i waves may trigger Ca 2/ signals in neurons. First, Nedergaard (310) found that [Ca 2/ ] i waves in astrocytes tive astrocytes.'' Microglia also undergo dramatic morphological and biochemical changes transforming them into in rat forebrain cortical cultures triggered [Ca 2/ ] i spikes in neurons. This astrocyte-to-neuron Ca 2/ signaling was phagocytotic macrophages. The initial signals producing these long-term changes are not well understood; there is sensitive to gap junction inhibitors, suggesting the direct spread of signal from astroglia to neuronal cells. As such, some evidence that Ca 2/ signaling is an important (or maybe even triggering) element in the glial response to gap junctions have not been demonstrated in vivo; this result can be considered an artifact of the culture system. these brain insults. Studies in both in vitro and in vivo experimental models used to study ischemic damage re-However, in neuronal-glial cocultures from visual cortex (329) , hippocampus (166), and forebrain (59), glial [Ca 2/ ] i vealed that brief exposures of astrocytes to hypoxic/hypoglycemic conditions trigger a [Ca 2/ ] i increase as a result waves induced by mechanical (59, 166) , electrical (166), or agonist (BK; Ref. 329 ) stimulation resulted in Ca 2/ sig-of both activation of voltage-gated Ca 2/ channels and Ca 2/ release from internal pools (105, 169) . The ischemia-in-nals in neurons. In these experiments, glial-to-neuronal Ca 2/ signaling was sensitive to ionotropic GluRs antago-duced [Ca 2/ ] i increase was activated either by a propagating wave of raised [K / ] o , accompanying injury-induced nists, suggesting a primary role of glutamate released from glial cells in this form of signaling. spreading depression, or by a massive release of neurotransmitters. Interestingly, [Ca 2/ ] i was much more sensi-Therefore, glial Ca 2/ signaling is involved, at least in culture systems, in bidirectional neuronal-glial signaling. tive to ischemia in astrocytes in situ, in hippocampal slices, than in the same cells acutely isolated (105) . This The questions of the physiological role of these signals, their precise cellular mechanism, and their occurrence in suggests that the ischemia-induced increase in [Ca 2/ ] i in astroglia results from factors released by the damaged the intact nervous system remain unanswered and deserve further study.
tissue (e.g., excess of neurotransmitters or elevated K / concentration). Intracellular Ca 2/ increases in astrocytes induced by brain damage might change the functional VIII. GLIAL CALCIUM AND BRAIN PATHOLOGY state of the cell and lead to the release of growth factors or result in astrocytic volume changes. It is a well-established paradigm that cellular Ca 2/ Another potential pathological Ca 2/ signal in glia is overload is a key trigger in causing cell death (66) . Much triggered by the human immunodeficiency virus-1 enveis known about Ca 2/ toxicity in neurons; however, the lope protein gp120. It induces [Ca 2/ ] i increases in both problem of [Ca 2/ ] i damage to glial cells is much less excultured astrocytes and oligodendrocytes from cerebelplored. Experiments on cultured cells demonstrated that lum (76) and cortex (77), but not in neurons (72) . These Ca 2/ overload of Schwann cells (291) and oligodendro-[Ca 2/ ] i responses varied between single spikes and [Ca 2/ ] i cytes (29, 377) might severely damage or kill them. In oscillations. An [Ca 2/ ] i elevation was also observed in culneurons exposed to hypoxia or ischemia, the Ca 2/ overtured astrocytes attacked by a fragment (so-called PrP load results mainly from overactivation of GluRs pro-106-126) of another pathogenic protein, infectious prion duced by excessive glutamate release (glutamate excitoprotein. This [Ca 2/ ] i increase was prevented by the dihytoxicity). Astrocytes but not oligodendrocytes are generdropyridine Ca 2/ antagonist nicardipine or by Ca 2/ really believed to be more resistant to excitotoxic insults; moval from the incubation media, suggesting the leading role of Ca 2/ influx through voltage-gated channels (130). astrocytes can tolerate a very high (up to 5 mM) glutamate by 10.220.32.247 on October 9, 2016 http://physrev.physiology.org/
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There have been only a few studies of changes in changes in [Ca 2/ ] i , can it respond appropriately to each signal? There are experimental results to indicate that a oligodendrocyte [Ca 2/ ] i after brain damage. A possible link between [Ca 2/ ] i in oligodendroglia and brain pathol-single cell either in tissue culture (128) or in situ (235, 239, 419) responds to individual ligands with a cell-specific ogy was suggested by experiments demonstrating that the addition of complement triggered [Ca 2/ ] i oscillations in characteristic increase in [Ca 2/ ] i that has a different spatiotemporal pattern. Thus an individual cell may respond primary cultured oligodendrocytes (446) . These oscillations were blocked by thapsigargin, indicating an im-to ATP with a brief spike and to norepinephrine or endothelin with an oscillatory or sustained increase in [Ca 2/ ] i . portant role of intracellular Ca 2/ stores in this phenomenon.
The relative increase may vary in different cellular regions, e.g., processes vs. soma, depending on the stimulus Microglia detect and respond to brain pathology (246). Damage to the CNS triggers a complex cascade and lead to quite different functional responses. Moreover, the exact source of the Ca 2/ , voltage-dependent leading to a transformation of microglial cells from a resting form to an active form, termed a macrophage (145) . channels versus release from the ER, may create large spatial Ca 2/ gradients within the glial cell. Therefore, al-The mechanisms of [Ca 2/ ] i homeostasis and the role of Ca 2/ signaling in microglial function are not known in though the results require confirmation, it appears that Ca 2/ signaling exhibits the flexibility to enable the cells detail. Microglial cells do not respond to the ''classical'' neurotransmitters such as glutamate or GABA. They, how-to respond in an appropriate stimulus-specific manner.
These considerations do not rule out the possibility that ever, are responsive to signaling molecules from the immune system such as cytokines or chemokines. For exam-there are other important intracellular signaling substances in glial cells that have not been well characterized ple, activation of complement receptors C5a or C3a triggers a Ca 2/ increase in cultured microglial cells (292, 318) . for lack of appropriate detectors. There can be no question but that the ready measurement of [Ca 2/ ] i with fluo-The microglial [Ca 2/ ] i transients were also observed in response to extracellular application of lipopolysaccaride, rescent probes has greatly accelerated the appreciation of the role of this ion in the signaling chain. a potent activator of immune cells (16) . The study of the Ca 2/ signaling in microglial cells is at an early stage: the role of [Ca 2/ ] i in microglia activation remains obscure.
X. CONCLUDING REMARKS: CALCIUM SIGNALS ARE A CONSEQUENCE OF GLIAL EXCITABILITY IX. CALCIUM SIGNALS AND GLIAL FUNCTION
Glial cells exhibit various mechanisms for controlling
The classical view that glia are inexcitable refers to their inability to respond to electrical stimulation with a and varying [Ca 2/ ] i . As described above, modulation of a number of intracellular cascades and membrane pathways propagated electrical response, i.e., an action potential.
However, as documented throughout this review, glial enables a variety of external stimuli to induce changes in [Ca 2/ ] i , the Ca 2/ signals. Glial cells are able to sense and cells are not passive; they display diverse temporal and spatial increases in [Ca 2/ ] i in response to a variety of react to various neuroactive substances; their reactions almost always involve changes in [Ca 2/ ] i . What glial func-stimuli, e.g., chemical, electrical, or mechanical. These [Ca 2/ ] i increases may outlast the stimulus and exhibit ago-tions are modulated or initiated by such signals? A number of studies indicate that activation of glial Ca 2/ cascades nist-specific spatiotemporal patterns, thus providing a possible means for information coding. The glial [Ca 2/ ] i affects glial K / channels (82, 359) , thereby modulating ionic buffering properties of the glial syncytium. Further-signals are apparently also capable of propagating without decrement via gap junctions into neighboring cells and more, increases in [Ca 2/ ] i promote glycogen breakdown (343) and gene expression (264, 342) and trigger release even to neurons.
The ability of glial cells to actively respond to exter-of neuroactive substances (322, 330) . Calcium influx into glial cell precursors triggers a phosphorylation of cAMP nal stimuli makes them excitable. To avoid confusing this excitability with electrical excitability, it is best to refer response element binding protein (341) that is known to be a key factor in Ca 2/ -dependent gene expression. Nor-to glial cells as ''internally calcium excitable.'' It may even indeed be appropriate to describe all electrically inexcit-epinephrine, which increases [Ca 2/ ] i , also regulates the uptake of glutamate and GABA into astrocytes (164) . In able cells that do respond to stimuli via second messengers as ''internally second messenger excitable.'' As de-addition, the propagation of Ca 2/ waves through syncytial networks of neuroglia via gap junctions can serve to coor-tailed above, there is quite a bit known about the physiology of glial Ca 2/ signaling. A beginning has been made in dinate glial activity and to transfer information between neurons apposed to different parts of the network. This the attempt to characterize in detail the molecular cascades involved in [Ca 2/ ] i homeostasis and shaping of signal transfer can participate in the integrative functions of both glial and neuronal networks.
[Ca 2/ ] i signals in glia. The questions that remain to be answered are as follows: How is Ca 2/ signaling involved When a glial cell has multiple receptors that lead to ing involved in information processing in glial networks? 308, 1992. Finally, how is glial Ca 2/ signaling involved in brain func-18. BALLANYI, K., AND W.-R. SCHULE. Direct effects of carbachol on membrane potential and ion activities in leech glial cells. Glia 1:
tion? These intriguing questions will be the subject of 165-167, 1988. continued study in this area.
